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13. ASTRACT(Amd0wff2OQwo Direct measurements of perchlooethylene (PER), tricbloro-
ethylene (ICE), trichloroethane (TRI) and dichloroethylene (DCE) were made in the blood
and exhaled breath of rats during and following, inhalation exposures. The pharnaco-
kinetics of these four halocarbons were also investigated following oral administration
An accurate assay for measuring volatile hal oenatad hydrocarbohs In a variety of body
tissues was developed and demonstrated for PER, iCE, TRI, and tetrachloroethane (TET).
The tisgue concentration-time profiles and bioavailability for PER and TEl were
determined in liver, kidney, brain, fat, lung, heart, and muscle tissues following oral
and intraarterial administrations in rats. Interspecies comparisons of the pharmaco-
kinetics of PER and TET were riade following oral and intraarterial administrations in
two species: Sprague-Dawley rats and Beagle dogs. Neurobehavioral determinationswere
Gonducted in rats following inhalation exposures, single oral bolus administration, and
gastric infusion of PER. A physiologically-based pharmacokinetic (PBPK) computer
simulation model was developed and validated for the accurate prediction of PER, TRI,
TET and ICE pharmacotnetics using the direct measurements data, thus demonstrating a
robust model which could simulate the uptake, disposition, and elimination pf
halocarbons with a wide variation in physicochemical properties.
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I. OVERALL OBJECTIVE AND STATEMENT OF WORK

The overall objective of the proposed project is to investigate the
Scientific basis for interspecies extrapolation of pharmicokinetic afid
-neurobehavioral toxicity data, Direct measurements of blood and tissue
concentrations of halocarbons over time in two species will be used to formulate
and validate physiologically-based pharmacokinetic models for inhalation and oral
exposure. These models will be used for: (a) prediction of th time-course of
blood and target organ levels in the absence of data; (b) interspecies
extrapolations (i.e. scale-up from smaller to larger laboratory animals and
4timately-toman). A combined physiological pharmacokinetic-toxicodynamic model

]or inhalation exposure to halocarbons will also be developed and evaluated for
Its ability to predict neurobehavioral effects under specified exposure
conditions.

A series of experiments will be conducted to provide a pharmacokinetic
data base of interspecies comparisons and for formulation of physiologically
based pharmacokinetic models. Adult male Sprague-Dawley rats and male beagle
dogs will be administered equal doses/concentrations of selected halocarbons.
Ingestion, inhalation and intravenous injection will be employed as routes of
administration. Concentrations of the parent compounds will be monitored in the
blood (and-in some Zases in the exhaled breath) for appropriate periods during
and after exposures. The cumulative uptake from exposure to each chemical will
be determined. Relative rates and magnitude of eliminationof the test chemicals
by metabolism and respiration will be evaluated. For investigating the relative
role of metabolism on the observed pharmacokinetics of volatile organic
compounds, trichloroethylene (TCE), dichloroethylene (DCE), and trichloroethane
(TRI) will be employed. Tetrachloroethylene (PER) and 1,1,2,2-tetrachloroethene
(TET) will be employed for analyzing the role of pulmonary extraction/
elimination. At least 2 doses and 2 vapor concentrations of each pair of test
compounds will be utilized.

In order to determine the tissue disnosition of halocarbons in two
species, rats and dogs will receive equivalent exposures to halocarbons
intravenously, orally and by inhalation. Concentrations of the parent compound
in brain, 1iver, kidney, heart, lung, skeletal muscle and adipose tissue will be
measured at selected intervals over time, in order to provide an assessment of
the actual target organ dose for validation of physiologically-based model
developient and inter-species correlations with toxicity. A second series of
tissue disposition experiments will be conducted to determine what adjustments
in administered dose are necessary to achieve equal brain levels of test
compounds in each species. An inhalation and oral exposure concentration will
be administered to the rat that yields a brain level of halocarbon similar to
that seen in the previous experiments in the dog.

Phvsiologicallv-based pharmacokinetic models will be developed and
validated for oral and inhalation exposures to halocarbons, which will allow
accurate prediction of the concentration of halocarbons in blood and tissues over
time during and following exposure. Data from the direct measurements of blood

~avJ tissue concentrations will bc compared to simulated values calculated from
mabb-balance differential equations comprising the model. Thereby, the accuracy
of the model can be tested and adjustments made where necessary to improve thle
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model simulations. Models for inhalation and'oral exposures validated using
pharmacokinetic data in rats will be employed to predict blood and tissue
halocarbon concentrations in the dog. The accuracy of the model for this
.ifterspecies extrapolation will be assessed by comparing the predicted
concentrations to values determined experimentally for the dog.

The target organ concentrati6n- will be correlated with the
neurobehavloral toxicity of inhaled'aolvents. The'magnitude of CNS effects of
each solvent will be correlated with the target organ (i.e. brain) concentration,
as determined in the tissue up'take studies, at each time-point. In this manner,
t0Jfeasibility of toxicity, extrapolations' between species based on a common
jarget organ dose will be evaluated. Toxicodynamic models will then be developed
'and validated for inhaled halocarbons. To dvelop this model, rat brain
'haloca-bon concentrations will be c-.ielat 'd with -the magnitude of
neurobehavioral effects in an appropriate equation and the validity of the.
equation tested- by comparison with actual experimental values obtained from
previous stages of the project. By incorporating predicted brain concentrations
from the previously validated physiologically-based pharmacokinetic model, a
combined physiological pharmacokinetic-toxicodvnamic model can be developed.
This combined model maj allow the prediction of toxicity from the interspecies
extrapolation of pharmacokinetic data, and in simulations in the absence of
experimental data.

II. INVESTIGATION OF THE RELATIVE ROLE OF METABOLISM IN THE PHARMACOKINETICS( OF INHALED HALOCARBONS.

One of the major objectives was to fully characterize the
pharmacokinetics of inhaled halocarbons during and following exposures, in order
to provide a pharmacokinetic data base for interspecies comparisons and for
formulation of Physiologicallv-based pharmacokinetic models. These studies have
been conducted with the Sprague-Dawley rat. These comprehensive experiments will
provide the information necessary for the most efficacious design of experimental
protocols for the dog. This will aid in avoiding inefficient or redundant work
in the dog experiments, an important factor in view of the high cost of
conducting experiments in dogs. Concentrations of the parent compounds were
monitored in the blood and in the exhaled breath for appropriate periods during
and after exposures in order to delineate uptake and elimination of the test
chemicals. These data were then subjected to pharmacokinetic analyses and
subsequently used in formulation of physiologically-based computer simulation
models.

A major route of elimination of halocarbonsois hepatle-metabolism. If
metabolism- plays a significant role in the disposition and subsequent
neurbebavioral effects of these chemicals, exMensively metabolized halocarbons
should be more rapi ly eliminated (and have a less pronounced CNS depressant
action, as determined in subsequent experiments than Poo ly metabolized
halocarbons. In order to test this PREMISE, halocarbons with widely differing
propensity for metabolism were studied. Extensively metatiolized
trichloroethylene (ICE) and dichloroethylene (DCE) and poorly metabolized 1,1,1-

S trichloroethane (TRI) were used. DCE and TRI are of comparable volatility, so
they would be expected to be eliminated similarly by the lung. Differences in
pharmacokinecics could therefore more likely bc attributed to differences in
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metabolism. -While TCE and TRI are very similar structurally (differingonly in
a single-double-bond), differences in both volatility and metabolism should be
reflected in the resulting uptake and'elimination of the test chemicais.

For these inhalation exposures, the halocarbon was administered to
*unanesthetized male Sprague-Dawley rats previously-prepared with an indwelling
carotid artery cannula. These rats, weighing 325-375 g, inhaled the compound for
2 hr through a one-way breathing valve in an inhalation exposure ,system
previously developed by Shis laboratory. Repetitive samples of the separate
inhaled and e&xaled breath 'streams, as well as arterial blood, were collected
concurrently and analyzed for the test compound. Respiratory rates and volumes
.ere continuously monitored- during -nd following exposure, and were used in
conjunction with the pharmacokinetic data to characterize profiles of uptake and
elimination. This experimental protocol has provided a unique approach by
combining direct measurements of the halocarbons TCE, TRI, and DOE in the exhaled
breath and blood simultaneously with detailed measurements of respiration. The
separation of the inhaled and exhaled breath streams by use of the one-way
breathing valve afforded both sampling of the exhaled breath of halocarbon during
and following exposure and measurement of the aii flow in the breath stream. The
breathing valve has been used previously for monitoring respiration in
unanesthetized animals (Mauderly et al., 1979), but pharmacokinetic measurements
were not made using this system. In previously reported pharmacokinetic studies
of inhaled halocarbon" in laboratory animals, direct determinations of the
exhalation of the solvent by individual animals during exposures were not made,
as most of these studies employed dynamic or closed exposure chambers. Emphasis
on the pharmacokinetic measurements of these halocarbons has focused primarily
on measurementis following the termination, of exposure. Also, parameters of
respiration were not monitored in these experiments. Accurate determination of
the total amount of chemical absorbed or eliminated by inhalation requires
monitoring of respiratory parameters. In the present study, measurement of
halocarbon uptake was accomplished by calculation from either the blood level
data or the exhaled breath data in conjunction with the monitored respiratory
para-meters.

III. STUDIES OF THE PHARMACOKINETICS OF INHALED TRI IN RATS

Studies of the pharmacokinetics of TRI in rats during and following
inhalation exposure, including the validation of a PBPK model for TRI
pharmacokinetics, have been completed. The results have been published in a
respected per-reviewed scientific journal. The reprint is included as Section
A of the Appendix (and listed in Appendix M), and the reference is as follows:

Dallas, C.E., Ramanathan, R., Muralidhara, S., Gallo, J.M., and
Bruckner, J.V. "The uptake and elimination of 1,1,1-
trichloroethane (TRI) during and following inhalation exposure in
rats. Toxicology and Applted Pharmqcoloy 68: 140-151 (1989).

It was found that TRI was very rapidly absorbed from the lung, in that
substantial levels were present in arterial blood at the first sampling time,
(i.e., 2 min). TRI blood and exhaled breath levels increased rapidly after the
initiation of exposure to near steady-sLaLc within approximately 20-45 min and
were then directly proportional to the exposure concentration. Percent uptake

- -N
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T decreased over time during inhalation exposures until equilibrium was established
by- I hr, after which 4 uptake of the inhaled dose was approximately 50% for both
exposure-groups. Total cumulative uptake of 50 and 500 ppm TRI over the 2-hr
_inhalation. exposures was determined to be 6 and 48 mg/kg bw, respectively. By
the end of the exposure period, 52.5 and 56.3% of the total inhaled dose was
eliminated in the breath of the low and high dose groups, respectively. A
physiological pharmacokinetic model for TRI inhalation was utilized to predict
blood and exhaled breath concentrations for comparison to observed experimental
values. Overall, values predicted by the mhvsiological pharmacokinetie model for
TRl- levels in the blood and exhaled breath were in close agreement with measured
valuis-both- during and following TRI inhalatfon. While TRI exhaled breath levels
"n rats in this study were comparable to those.measured previously in humans,
blood levels of TRI were not equivalent in rats and in man. It was therefore
"conclu-ed that the rat may be a Potential useful model for TRI respiratory
elimination in man.

IV. STUDIES OF THE PHARMACOKINETICS OF TCE FROM INHALATION EXPOSURE IN RATS

A second paper on the :pharmacokinetics and PBPK model validation for
inhaled halocarbons has been completed, and it describes the uptake and
disposition of trichloroethylene (TCE) in rats during the following inhalation
exposure. This paper is currently in press at a peei-reviewed scientific
journal. The galley proof is included as Section B of the Appendix (and listed
in Appendix M), and the reference is as follows:

Dallas, C.E., Gallo, J.M., Ramanathan, R., Muralidhara, S., and
Bruckner, J.V. "Physiological pharmacokinetic modeling of
inhaled trichloroetlylene in rats." In press, Toxicology and
ARlied Pharmacology (1991).

In this study, the effect of the saturation of the metabolism of TCE
during inhalation exposures on the subsequent pharmacokinetics of the compound
was evaluated. TCE exhaled breath levels were found to have increased rapidly
after the initiation of exposure to near steady-state within approximately 20-30
min and were then directly proportional to the exposure concentration. Uptake
of TCE in the blood was also rapid, but blood levels continued to increase
progressively over the course of the inhalation exposure at both dose levels.
Arterial TCE concentrations were not proportional to the- inhalation
concenfation, with levels for the 500 ppm group from 25-30 times greater than
in 50 ppm-exposed rats during the second hour of the exposure. Percent uptake
was nearly complete at the initiation of inhalation exposure and decreased
rapidly thereafter until equilibrium was established by 1 hr, after which %
uptake-of the inhaled dose was approximately 69-72% for both exposure groups.
Total cumulative uptake of 50 to 500 ppm TRI over the 2-hr inhalation exposures
was determined to be 8.4 and 73.3 mg/kg bw, respectively. The direct
measurements of TCE in the blood and exhaled breath were utilized in the
validation of a physiological pharmacokinetic model of the prediction of the
pharmacokinetics of inhaled TCE. Results from this study indicate that
metabolism of TE is saturable between 50 and 500 ppm exposure in rats, resulting
in disproportionately higher blood levels above the saturation point. At doses
below this metabolism saturation point in rats. blood and exhaled breath levels

S--------- - ------- ---- -- ~.-,-----~--



of TCE in rats were very similar to values ireviouslv oublished -for TCE
inhalation exibosures in humans'.

Y. . STUDIES OF THE PHARMACOKINETICS OF INHLALED DCE IN RATS

An -investigation of the uptake, disposition,, and elimination of 1,1-
dichloroethylene (DCE) has also been completed for inhalation and-oral exposures
in rats. These results were presented at the most recent meeting of the Society
of Toxicology in March, 1988. The reference for these studies (also listed in
Appendix M) as presented in the abstract is-as follows:

Dallas, O.E., Ramanathan, R., Muiralidhara, S., Gallo, J;M., and
_ Bruckner, J.V. "Comparative pharmacokinetics of inhaled and

ingested l,l-dichloroethylene (DCE) in rats." 27th Annual
Meeting of the Society of Toxicology, Dallas, TX; Toxicologist A:
139 (1988).

A manuscript from this data with the same authors and title has been
,prepared for submission toa peer-reviewed scientific journal. It is included
in the Appendix as Section', and the reference for the manuscript (also listed
in Appendix M) is:

Dallas, C.E., Ramanathan, R., Muralidhara, S., Gallo, J.M., and Bruckner,
J.V., "Comparative pharmacokinetics of inhaled and ingested 1,1-
dichloroethylene in rats." (to be submitted to Toxfcology and Applied
Pharmacologv, 1991).

In this study, the uptake, disposition, and elimination of DOE were
determined during and following 100 and 300 ppm inhalation exposures for 2 hours.
Oral exposures to DCE were investigated utilizing 10 and 30 mg/kg doses
administered as either a) a single oral bolus; b) a-gastric infusion for 2 hours;
or c) three equally divided bolus doses over a 2 hour period. Significant
respiratory elimination of unchanged DOE was evident during the inhalation
exposure period, with steady-state DOE levels achieved in the exhaled breath
within 20 min at both dose levels. DOE respiratory elimination was proportional
to the inhaled concentration during exposure. As a result of the 2-hr exposure
to 100 ppm DOE the cumulative uptake was 3.3 ; 0.3 mg (x ± SE), or 10 mg/kg bw.
The total cumulative uptake of DOE from the 2-hr exposure to 300 ppm was 10.2 ±
0.6 mg (X ± SE), or 30 mg/kg bw. Percent uptake of DOE during inhalation
exposure was similar in magnitude at both exposure concentrations. The magnitude
of pulmonary elimination was proportional to the inhalation exposure
concentration.

Arterial DOE concentrations, however, were not proportional to the
inhalation concentration. After the initial rapid uptake phase over the first
20 minutes of exppsure, blood levels for the 300 ppm-exposed rats were 4 to 5
times higher than DOE blood concentrations of rats that received 100 ppm
exposi-nes. The maximum blood levels achieved during single oral bolus or gastric
infusibn administration were also not proportional to the administered dose. AsZ with the inhalation exposures, these blood values-for the high dose group were
at least 4 to 5 times higher than for the low dose group of both oral
administrative routes. The Omax achieved for the multiple bolus administration
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of 30 mg/kg, however, was nearly 9 times more than that achieved following 10
mg/kg

The AUC values for. the single bolus and, gastric, infusion groups were
similar at both dose levels (nearly. identical for the high dose)'. These oral
administration values-were only 60-80% of the corresponding inhalation AUCs. The
bioavailabiliiy (F) of DCE was determined,by thi--ratio of the AUd value of
each experimental group to the corresponding dose administered by intravenous
administration. The high dose groups. consistently had a-higherF than the.
groups administered the low doseof DOE by any of the eipsure routes. At
bhtbt .h igh and low doses, F was higher for,animals inhaling DCE than fdr -

'rally administered rats.

'VI. -STUDIES OF THE PHARMACOKINETICS OF INGESTEDTRI, TCE, AND DCE

A variety of halocarbons and other VOCs have been identified as
contaminants of food and drinking water supplies in the, U.S. (Symons et al.,
1975; NOMS, 1977). Some of the halocarbons most commonly identified in water
supplies are l,l-dichloroethylene (1,I-DCE), trichloroethylene (TOE), and 1,1,1-
trichloroethane (TRI). As indicated previously, in addition to being important
as environmental contaminants these agents have been selected for investigation
in order to evaluate-the relative role of the saturation of metabolism of the
compounds after exposure. Emissions from product manufacturing, usage
activities, and spills are though to be primary sources of these halocarbons in

4 water supplies. Recently, the contamination of drinkins water supplies by the
leakage of solvents from storage tanks and chemical waste dumpshas become of
significant concern. There are large numbers of solvent and fuel storage tanks
in the nation, many at U.S. Air Force facilities. As the majority of these are
located underground, leakage of solvents into groundwater supplies can proceed
undetectedfor years.

Despite the potential public health significance of halocarb.n ingestion -I
from contaminated drinking water supplies, there is presently insufficient
information available concerning the systemic absorption and disposition of these
and other hilocarbons following their oral administration. Most studies have
involved admirnistration of '4 -labeled halocarbons and measurement of levels of
radioactivity at a single time-point following dosing, thought (his approach
precludes delineating between parent compound and metabolites. W ile blood and
tissue Tevels of halocarbons have usually been measured only 2 or 3 days after
oral dosing, ingestion of certain halocarbons has been shown to result in
pronounced cytotoxic effects within minutes or hours of ingestion (Moore et al,
1976; Lowrey et al., 1981; Luthra et al., 1984). Thus it is important to know
the extent of systemic absorption and disposition of halocarbons in the body
during the period immediately following ingestion. Therefore, investigations
toward this end were initiated by this laboratory during a previous grant effort,
resulting in preliminary data on ingested DCE (Putcha et al., 1986) and TCE
(D'Souza et al., 1985). These studies were conducted in rats anesthetized with
ether, with the compound administered with polyethylene glycol as a dosage
vehicle. A major goal of these studies was to compare pharmacokinetics of the
compounds in fed and fasted animals, in which it was found that food appears to
delay the absorption of the halocarbons from the gut. The bioavailability of
these agents was equivalent in animals given the same dose by oral or intravenous

I2 -
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administration. Therefore, it is apparent that absorption of the orally
administered halocarbon -is-complete.

In the present investigation, the halocarbon used as test-chemidals were
administered 'to unanesthetized rats. The disadvantages -of using anesthesia
during chemical exe6sures were thus avoided. Anesthetics such as phenobarbital
and dimethyl. ether 'are known 'to inhibit the metabolism of drugs which are
biotransfored.by the hepatic mixed function oxidase system (Johanssen et al.,
1981; Vermeulen et al., 1983). It is possible that use of anesthesia may alter
the metabolism and kinetics of halocarbons during exposure. Accordingly, we
ifil1ze4 an unanesthetized animal model approach in order to be certain that the
falocarbon pharmacokinetic results obtained were representative of kinetics in
(nanesthetized, relatively unstressed animals.

As anesthetics have a potential to affect respiration rates and volumes,

they could alter the, quantity of test chemical which is eliminated. For
evaluating the oral pharmacokinetics of chemicals like halocarbons, this can be
a very important factor since halocarbon elimination in the breath has been shown
to be a significant factor following halocarbon ingestion (Chieco et al., 1981;
Dallas et al., 1986). Increased or decreased respiration may alter the rate and
magnitude of the respiratory excretion of the halocarbon, thus affecting systemic
kinetics as well. Other problems such as anesthetid-induced fluctuations in body
temperature would also be avoided by use of an unanesthetized animal model.
Significant changes in body temperature have an impact on enzyme systems that can

C alter the metabolism and pharmacokinetics of certain chemicals. While core
temperature can be monitored and periodically readjusted with a heating pad for
anesthetized inimals, some changes are inevitable with the system. Also,
possible competitive metabolic inhibition and alteration in transport processes
by anesthetics are avoided in an unanesthetized model.

Studies of the dose dependence of the pharmacokinetics of ingested DCE
in unanesthetized rats have been completed. These results were presented as part
of the Society of Toxicology abstract previously cited on page 5. Previous
studies of DCE in rats have indicated that lethality (Andersen and Jenkins, 1977)
and hepatotoxicity (Andersen et al., 1979a) have abrupt increases in response
over a definite range of DCE exposure concentration. Saturation of the metabolic
activation of DOE-is believed to occur due to depletion of glutathione, leading
to this sudden.increase in toxicity. This capacity of the rat to metabolize DCE
may have been exceeded by a single oral dose between the range of 50 to 100 mg/kg
(Andersen and Jenkins, 1977; McKenna et al., 1978). In the studies thus far
completed, the pharmacokinetics of DCE in unanesthetized rats have been evaluated
over a range of doses below this perceived metabolic saturation point for DCE
ingestion, with additional dose studies expected to exceed DCE metabolism in the
rat to be conducted later.

In order tc. procure repetitive blood samples following administration of
single oral bolus -loses of halocarbons to unanesthetized rats, an indwelling
arterial cannula was surgically implanted prior to the halocarbon exposure. The
cannula was tunneled subcutaneously to the back of the animal and exited just
behind the head. The cannula was extruded through a steel spring that was
attached to the back of the animal by a harness. After the surgery was complete,
the animal was placed into a metabolism cage to recover for 24 hours before

r ~- - - - - - - - - -
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halocarbon dsing. The steel spring was exited through, the top of the cage and
conneqted to a counter-balance weight system, which prevented the animal from
interfering with the cannula but allowed relative freedom of movement.

! The iits were given the halocarbon in an aqueous Exulphor emulsion as a
single oral bolus dose of 10 and 30 mg/kg DCE. Blood samples were taken from the
carotid artery cannula for up to 5 hours following the oral dose. The halocarbon
content of the blood samples was measured with a gas chromatograph equipped with
a semi-automatic headspace sampler and an electron capture detector.

The. total body clearance (CLr) of l,l-CE was calculated .using- the

where 
0 0
f°Cdt is the are under the blood concentration versus time curve (AUC)

of I,-DCE.

Apparent volume of distribution (VO) was calculated using the formula:

VP Dose

The biological half-life (t%) of l,I-DCE was calculated by the formula:

0-693

where B is the terminal elimination rate constant.

The volume of distribution of the central compartment (V,) was calculated
using the formula:

where P, A, and B are the 0-time intercepts of the three exponential phases of
the blood concentration versus time curves.

The blood concentration-time profiles for the oral administration of DCE
in unanesthetized rats are shown in Fig. D-1. DCE was very rapidly absorbed from
the gut, as peak blood levels of DCE were reached within 4 minutes after oral
bolus dosing. Comparison of the pharmacokinetic parameters between the low dose
groups are shown in Table D-1. The maximum blood concentration (C-MAX) reached
following 30 mg/kg dosing was 4.3 times that achieved following oral
administration of 10 mg/kg. Comparing the area-under-the-blood-concentration-
time curve (AUC) also indicated a disproportionate difference of 4.7 times
between the two dose groups. The elimination half-lives (t ) were similar at the
two dose levels, however. Both the apparent clearance and volume of distribution 'I
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of the 30 mg/kg dose group vere approximately two-thirds that of the 10 mRgkg
group. Compared to the previous data from the oral administration of DCE in
anesthetized rats by this laboratory (Putcha et al., 1986), the terminal
.limination -th and AUC were lover in the current investigation with
unanesthetized rats. Using a 10 mg/kg dose in both studies as an example, the
mean th and AUG were lover in the current investigation with unanesthetized rats.
Using a 10 mg/kg dose in both studies as an example, the mean th and AUC values
for the anesthetized rats were 181 pg-min/ml and 78.2 minutes, respectively,
while these two parameters for unanesthetized rats were 50.5 pg-min/al and 50
mitres, respectively. These differences, hovever, might not be attributable
oply..tothe use of anesthesia. The previous study with anesthetized rats also
. mployed 50% .queous polyethylene glycol (PEG) 400 as a diluent, while an aqueous
-mulsion (emulphor) was used in the present investigation.

The investigation of the pharmacokinetics of TRI following oral
administration as a single bolus in unanesthetized rats has also been completed.
These results were presented at the most recent meeting of the Society of
Toxicology in Dallas, Texas. It is intended that this study will be combined
with the results of experiments currently underway involving the intravenous
administration of TRI for the submission of a manuscript to a peer-reviewed
journal by the end of the year. The reference for the study of orally-
administered TRI (also listed in Section H of the Appendix) as presented in the
abstract is as follows:

Muralidhara, S., Raaanatban, R., Gallo, J.H., Dallas, C.E., and

Bruckner, J.V. "Pharmacokinetics of volatile balocarbons:
Comparison of single oral bolus versus gastric infusion of 1,1,1-
trichloroethane (TRI)." 27th Annual Heeting of the Society of
Toxicology, Dallas, TX; Toxicologist 8: 95 (1988).

The experimental protocol for this pharmacokinetic study of TRI was similar to
that conducted for DCE. Due to the longer half-life of TRI relative to DCE,
though, sampling for ingested TRI was conducted for longer intervals of time (up
to 480 minutes after a single oral bolus administration).

Measurements of the systemic uptake, disposition, and elimination of TRI
after ingestion in the unanesthetized rat is shown in Fig. D-2. TRI was
administered as a single oral bolus dose of either 6 or 48 mg/kg, and samples of
arteriaT blood taken periodically from an Indwelling carotid artery cannula and
analyzed for TRI by gas chromatography. Samples were taken frequently in the
first minutes following the oral dose in order to characterize the very rapid
uptake of ingested TRI into the systemic circulation. Arterial blood levels
reached a peak 8 to 12 minutes after oral dosing and declined relatively quickly
thereafter. The pharmacokinetic parameters for the two dose groups are shown in
Table D-2. There was a distinct linear relationship between the maximum blood
concentration (C-MAX) achieved from the two doses employed. The AUG values were
also approximately proportionate to the administered dose. As was seen for DCE
previously, the elimination half-life of TRI was nearly identical for both dose
groups (112-115 minutes). Even though DGE and TRI have a similar characteristic

. volatility (blood:air partition coefficient near 5), the disappearance of
ingested DCE from the blood occurs more than twice as fast as does the
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dnappearance of ingested RI. This can be attributed, r6the high rate of
metabolism of DCE relative ro poorly metabolized TRI.

- StudlAs of the pharmacokinetics of ingested TCE have also bee i cionducted.
Results from these experiments were also presented at the most' recent, meeting of
the Society of Toxicology earlier this year. The referencefor this study (also
listed in Section X of'the Appendix) as presented In the abszxact .4s as follows:

Ramanathan, R., Huralidhara, S., Gallo, J.M., Dallas, C.E., and
Bruckner, J.V. =rharmacokinetics of volatile halocarborts:

-, ..... Comparison of single oral bolus versus infusion -of -
trichloroethylene (TCE).? 27th Annual Meeting of the Society16f

.Toxicology. Dallas, TX; Toxicolozist 8: 94 (1988).

The same procedure was~employed for -TCEdetermination after oral exposure as were
used previously for DOE and TRI. A single oral bolus of 8 and 76 mg/kg TCE was
administered to unanesthetized rats with an indwelling carotid arterial cannula.

The TCE blood concentratioiLntime profile following oral administration
is shown in Figure D-3. As was previously observed with DCE and TRI, blood
levels of TCE rose quickly after oral dosing to indicate rapid absorption from
the gastrointestinal tract. Peak arterial blood levels were reached 8-12 minutes
after the single oral bolus dose. The pharmacokinetic parameters for the oral
administration of TOE are shown in Table D-3. The AUG for the 76 mg/kg group was22 times that seen after 8 mg/kg. Due to the known capacity for TCE to saturate
the metabolism of the rat with a sufficient dose,,.this is an indicator that TCE

metabolism is possibly saturated by a single oral bolus dose between 8 and 76
ng/kg. Unlike DOE and TRI, which each had similar elimination half-lives (th)
for dose levels of 3 and 8 fold-difference-in magnitude, respectively, the th of
TCE was significantly different for the two dose groups': The 76 mg/kg group
demonstrated as approximate 50% increase in th relative/to the 8 mg/kg group.

VII. EVALUATION OF THE RELATIVE ROLE OF PROPENSITY FOR RESPIRATORY ELIMINATION
ON THE PHARMACOKINETICS OF INHALED HALOCARBONS

In the initial phase of this research effort, a series of.,itudies were
conducted to evaluate the relative role of hepatic metabolism on/the subsequent
pharmacokinetics of inhaled halocarbons. Extensively metabolized
trichloiroethylene (TCE),and dichloroethylene (DCE) and poorly metabolized 1,1,1-
trichloroethane (TRI) were used. While TGE and TRI are very similar structurally
(differing only in a single double bond), differences in both volatility and
metabolism were reflected in the resulting uptake and elimination of the test
chemicals. It was important to eliminate the propensity for volatility as a
factor in this focus on the impact of metabolism. DCE and TRI are of comparable
volatility so they were expected to be eliminated similarly by the lung. The
reported differences in pharmacokinetics were therefore more likely to be
attributed to differences in metabolism. In this next phase of the research
effort, this factor of the Propensitv for resoiratorv elimination (due to the
characteristic volatility of seecific halocarbons) was investigated.

As a class of chemicals, halocarbons have low solubility in blood and
high volatility (i.e. low blood:air partition coefficients), as well as rapid
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vascular-alveolar transfer. Thus, a substantial proportion of. the blood's burden
of halocarbons should be removed at each-pass through the lungs. It follows that
halocarbons with low blo;4:air Partition coefficients should be more efficiently
7_iminated (and have a less yrolonred CNS deiressant action) than halocarbons

with relatively high vartition coefficients. In order to test this premise,
tetrachloroethylene (PCE) and 1,1,2,2-tetrachloroethane (TET) vill'be utilized.
Both are poorly metabolized (Ikeda and Ohtsuji, 1972) and have similar oil:blood
(i.e. fat/blood) partition coefficients, but ICE has a much lower blood:air
partition coefficient (Sato and Nakajima, 1979). In this way, the factors of
lipophilicity and propensity for hepatic metabolism are accounted for.
7erefore, -differences in the pharmacokinetics between PCE and TET in -this

-.4perimental design are more likely to be attributed to differences in
iespiratory elimination.

For these inhalation exposures, the hilocarbon was administered to
unanesthetized male Sprague-Dawley rats previously prepared with an indwelling
carotid artery cannula. These rats, weighing 325-375 g, inhaled the compound for
2 hr through a one-way breathing "valve in an inhalation exposure system
previously developed by this laboratory (see schematic for the inhalation
exposure system in Fig. E-l). Repetitive samples of the separate inhaled and
exhaled breath streams, as well as arterial blood, were collected concurrently
and -analyzed for the test- compound. Respiratory rates and volumes were
continuously monitored during and following exposure, and were used in
conjunction with the pharmacokinetic data to characterize profiles of uptake andC elimination. This experimental protocol has provided a unique approach in this
present study by combining direct measurements of the halocarbons PCE, TOE, TRI,
and DCE in the exhaled breath and blood simultaneously with detailed measurements
of resoiration. The separation of the inhaled and exhaled breath streams by use
of the one-way breathing valve afforded both sampling of the.exhaled breath for
halocarbon during and following exposure and measurement of the air flow in the
breath stream. Emphasis on the pharmacokinetic measurements of these halocarbons
in previous studies has focused primarily on measurements following the
termination of exposure. Also, parameters of respiration were not monitored in
these experiments. Accurate determination of the total am-ount of chemical
absorbed or eliminated by inhalation requires monitoring of respiratory
parameters. In the present study, measurement of halocarbon uptake was
accomplished by calculation from either the-blood level data or the exhaled
breath data in conjunction with the monitored respiratory parameters.

VIII. STUDIES OF THE PHARMACOKINETICS OF PCE DURING AND FOLLOWING INHALATION
EXPOSURE IN RATS

Toward this goal of investigating the relative role of the characteristic
volatility of a halocarbon on its pharmacokinetics, the uotake. disuosition. and
elimination of oerchloroethvlene (tetrachloroethlene. or PCE) has been comoleted
in the rat. The results of this study, together with the PBPK model simulations
for inhaled PCE (described in Section XV), were presented at the 28th annual
meeting of the Society of Toxicology in Atlanta, Georgia in March, 1989. A
manuscript from this work is also in preparation for submission to a peer-
reviewed journal this fall. The reference for this study (also listed in
Appendix M) as presented in the abstract is as follows:
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MDallas, C.E., Ramanathan, R., Huralidhara, S., Gallo, J.H., Manning,
R.O., and Bruckner, J.V. *Direct measurements of- perchloroethylene in
the blood and exhaled breath of rats during and following inhalation

. exposure.1 28th Annuai Meeting of the Society of Toxicology, Atlanta,
GA; Toxicologist 9: 78 (1989).

Specific. objectives of this study were to: 1) provide accurate direct
measurements of the respiratorv. uptake and elimination of PCE during and
foljl ,ing inhalation exposures by simultaneously measuring PCE in the blood and

ol:n~led breath; 2) determine the total dose of PCE absorbed systematically
(cumulative uptake) during 2-hour inhalation exposures using inhaled and exhaled
.reath determinations and the monitored volumes of respiration; 3) assess the
iffect of a 10-fold difference in exposure concentration (50 and 500 ppm) on PCE
'uptakeland elimination from the blood, tovl- cumulative uptake, and elimination
in the breath; 4) validate a phvsioloeglcal l-based pharmacokinetic (PBPK) model
for PCE inhalation by comparing computer simulations of PCE uptake and
-elimination with experimentally observed values. Fifty or 500 ppm PCE was
inhaled for 2 hr through a one-way breathing valve by-unanesthetized rats of 325-
375 g (as described in detail in Appendix A). Repetitive samples of the separate
inialed and exhaled breath streams, as well as arterial blood, were collected
during and following per inhalation and analyzed by gas chromatography.

In order to calculate the total received dose of PCE during inhalation
exposures, the respiration of each animal was continuously monitored. The

S respiratory monitoring technique was conducted according to the methods
previously published in solvent exposure studies by this laboratory (Dallas et
al., 1983, 1986 and 1989). The airflow created by the animal's inspiration was
recording both during and following PCE inhalation exposure in terms of minute
volume (volume of respiration per minute, VE), respiratory rate (f), and tidal
volume (QT). An average value for these parameters for each individual animal
was obtained by averaging the measurements taken at 15-min intervals during the
2-hr exposure, The mean ± SD of these average values for the 500 ppm exposure
group (n-6) were: VF - 189 ± 21.5; f - 119.1 ± 22.4; VT - 1.62 ± 0.34. The mean
± SD for these average values for the 50 ppm exposure group (n-6) were: VE - 216
±43.1; f- 134.5 ± 14.9; VT - 1.67 ± 0.36.

Significant respiratory elimination of unchanged PCE was evident during
the inhalation exposure period, with near steady-state POE levels achieved in the
exhaled breath within 20-30 min. Thesesnear-steady state-concentrations were
approximately 2.1-2.4 pg/ml in the exhaled breath of the 500 ppm exposed rats
(Fig. 2, Appendix E, or Fig. E-2). In the 50 ppm inhalation exposure group,
these exhaled breath levels at near-steady state were in the range of 0.20-0.22
pg/ml (Fig. E-3). PCE was readily absorbed from the lung, in that substantial
levels of PCE were present in the arterial blood at the initial sampling time (2
min). Unlike the exhaled breath data, the concentration of PCE in the blood
progressively increased over the course of the 2-hr exposure in both exposure
groups. The rate of increase was greater in the 500 ppm (Fig. E-4) than in the
50 ppm group (Fig. E-5). Arterial PCE concentrations were not proportional to
the inhaled concentration. After the initial rapid uptake phase over the first
30 minutes of exposure, blood levels in the 500 ppm" rats were 12 to 17 times

~ higher than 50 ppm rats. Measurement of the cumulative uptake of POE by the rats
was made by accounting for the quantity of unchanged PCE that was exhaled during



the inhalation exposure period. The tal cumulative uptake of PCE from the 2-hr
exposure-toO00 ppm (Fig. E-6) was 28.1 ± 4.3 mg (x ± SD), or 79.9 mg/kg bw. The
2-hr exposure t6 50 ppm PCE (Fig. E-7)-resuletd in a-cumulative uptake of 3.9 ±0 .9-mg -(x ± So) or 11.2 mg/kg bw.

IX. STUDIES OF THE PHAkMACOKINETICS OF POE FOLLOWING ORAL ADMINISTRATIi IN
RATS

Due to the potential for halocarbon exposures in humans to occur dd to
the ingestion of contaminated drinking water supplies, oral administrations of
R "E.in.rats have also been conducted. Emfssions from product manufacturing,
usage activities, and spills are thought to be primary sources of halocarbon
•ontamination of water supplies. Recently, the contamination of drinking water
sui)piesby the leakage of solvents from storase tanks and chemical waste dumps
has become of significant concern. There are large numbers of solvent and fuel
storage tanks in th6 nation, many at U.S. Air Force facilities. As the majority
of these are located underground, leakage of solvents into groundwater supplies
can proceed undetected for years. Despite the potential public health
significance of halocarbon ingestion from contaminated drinking water supplies,
there is presentlv isufficient information available concerning the systemic
absorption and disposition of these and other halocarbons following their oral
administration.

One of the primary objectives of this study was to examine the uptake,( disposition, and elimination of ingested PCE over a wide range of concentrations.
The transition from linear to non-linear kinetics is important in dose-response
relationships and in toxic responses. Certain physiological and biochemical
processes are linear over a wide range of substrate concentrations. Diffusion
of lipophilic halocarbons across cellular membranes is a pertinent example of
such a process. Other processes including solubility in the blood and microsomal
enzyme metabolism are saturable. When the dose of halocarbon exceeds the
capacity of these processes, there is a transition from linear to nonlinear
pharmacokinetics. Under such conditions, there is no longer a linear
relationship between administered dose-exposure level and blood/target
concentrations. Disproportionately high blood/tarpet organ concentrations and
accentuated toxicity are characteristic of nonlinear kinetics.

An investigation in to the role of dose level on the pharmacokinetics of
ingested PCE has been completed in rats. The results of this study were
presented as part of a presentation at the Society of Toxicology meeting in
March, 1989 in Atlanta, GA. The reference for this study (also listed in Section
H of the Appendix),as presented in the abstract is as follows:

Ramanathan, R., Muralidhara, S., Dallas, C.E., Gallo, J.H. and Bruckner,
J.V. "Influence of the pattern of ingestion on the pharmacokinetics of
perchloroethylene (PER) in rats." 28th Annual Meeting of the Society of
Toxicology, Atlanta, GA; Toxicologist 9: 78 (1989).

In order to procure repetitive blood samples following administration of
S single oral bolus doses of halocarbons to unanesthetized rats, an indwelling

arterial cannula was surgically implanted prior to the halocarbon exposure. The
cannula was tunneled subcutaneously to the back of the animal and exited just
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behind the head. The cannula was extruded through a steel spring that was
attached to the back of the animal by a harness. After the surgery was complete,
the animal was placed into a metabolism cage to recover for 24 hours before
halocarbon-dosing. PCE was given orally to unanesthetized male Sprague-Dawley
rats in an aqueous Emulphor emulsion as a single bolus in doses of 10; 25, 50,
andl00 mg/kg. Blood samples were collected from an indwelling carotid arterial
cannula for up to 12 hours post administration. The blood samples were analyzed
for PCE using a GC-ECD head space tecbnique.

Absorption of PCE from the gut was very rapid, with peak blood levels
aci iy d.wLthin 20 minutes of the oral admihistration for all four dose groups

(fig. E-8). Elimination of the halocarbon in the blood proceeded at a similar
rate at each dose level,.with the elimination curves roughly parallel up to 12
'hours'following the oral bolus. When considering all four dose groups, the
maximum blood level achieved after the oral bolus (Cmax) was not directly
proportional to the dose level. Indeed, the 100 mg/kg dose group demonstrated
an average Cmax that was only slightly higher than the mean value for the 50
mg/kg dose group. The Cmax levels for the 10 and 25 mg/kg groups, however,
appeared to be somewhat more proportional to the dose level. A comparison of the
area-under-the-blood-concentration-time-curve (AUC) between the four dose groups
,(Fig. E-9) reveali a linear -relationshipoin AUC relative to dosage level between
10 and 100 mg/kg PCE. Fitting an equation for a regression analysis between
these four points resulted in an R-square of 0.998, which would be a
significantly good fit for a linear equation.

X. DEVELOPMENT OF AN ASSAY FOR HALOCARBONWCONCENTRATIONS IN TISSUES

Although knowledge of the deoosition of chemicals in target tissues is
of major importance in risk assessment, PBPK models have to date been used
primarily toforecast uptake and elimination of VOCs from the bloodstream. Blood
concentration over time, as a measure of bioavailability, is routinely accepted
asan index of the level of chemical in the body, and therefore a representative
index of toxic effects. This assumotion can be misleadin , in that blood
concentrations may not be reflective of. the concentration of chemical or active
metabolite at the local site of effect in a-target tissue. Thus, a more logical
measure of target organ exposure is the area under the tissue versus time curve
for the reactive chemical (Andersen, 1987). Relatively little has been published
on the use and validation of PBPK models for prediction, of time integrals of
tissue ekcposure to VOCs, because of a paucity of tissue co'izntratLion versus time
data sets. This lack of a data base is due to the considerable effort required
in such studies and to technical problems with quantitation of the volatile
chemicals in solid tissues. For example, the only tissue data Reitz et al.
(1988b) had 'to use for validation of their PBPK model were levels of
radioactivity measured by Schumann et al, (1982) in the liver and fat of mice and
rats at the termination of 6-hour inhalation exposures to "CTRI.

It has therefore been a goal of this project to develop-an accurate assay
for the direct measurement of the parent halocarbon in the tissues of exeosed
animals. These measurements will be of significant utility for the validation
of PBPK models for the prediction of halocarbon pharmacokinetics. Each

S compartment of the model can therefore be represented (and validated) by a tissue
that is sampled in a laboratory experiment. Compartments that are single organ-

iiI;
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specific like the liver, kidney, and brain would be directly represented.
Predictions for a physiologically-generalized compartment, such as the one that
has .been utilized for "poorly perfused" tissues, would be validated by
measurements.from a-representative tissue group, the muscle tissues.

A technique for the analysis of halocarbons in tissues has now been
successfully developed and employed in tissue measurement in several exoeriments.
This technique has been compiled in a manuscript and submitted to a peer-reviewed
journal simultaneously with the submission of this final report. This manuscript
is-included as Section F of the Appendix, and the reference is as follows:

-: Chen, X.M., Dallas, C.E., Muralidhara, S., Srivatsan, V., and

_ .Bruckner, J.V. "Determination of volatile short-chain aliphatic

halocarbons in animal tissues." Now being submitted to the
Journal of Environmental Pathology. Toxicology. and Oncologv
(1991).

Extensive analyses have been conducted to determine the efficiency of the
measurements for both PER and TET in the following tissues: brain. liver.
kidney, lung, fat, heart, and muscle. One-gram tissue samples are placed into
8 ml of chilled isooctane for PER and ethyl acetate for TET. The samples are
maintained in an ice bath at all times, even during homogenization. A polytron
is used to homogenize the tissue samples. In order to insure that the percent
recovery of halocarbon is maximal and reproducible, a specific period of
homogenization is required for each tissue. Brain, liver, and fat are the most
easily homogenized, requiring only 4 or 5 seconds. Kidney, lung and heart
homogenization require 8 to 10 seconds. Muscle is the most.difficult, requiring
15 to 20 seconds. Samples are extracted with 8 ml of isooctane for PER or ethyl
acetate for TET and vortexed for 30 seconds. Samples are then centrifuged at
3000 rpm for 5 min at 4*C in a Sorvall RC 2-B centrifuge. Twenty p1 of the
organic phase is withdrawn with a microsyringe and transferred to headspace vials
(Perkin-Elmer, Norwalk, CT). One interesting and important methodological
finding was that 20 pl was the optimal amount of the organic phase homogenate to
add to the headspace vial. Adding aliquots greater than, 30 p1 resulted in a
decrease in the efficiency of recovery of the halocarbon, as determined by
comparison to standards with known concentration.

_Standards are made and assayed by diluting a calculated amount of pure
test chemical in the appropriate solvent. The column used is an 8' x 1/8"
stainless-steel column packed with FFAP Chromasorb W-AW (80-10 mesh). Operating
temperatures are: injection port, 200°C; electron capture detector, 360°C;
column 110C; headspace control unit, 90"C.

This analytical technique has been used in pilot studies of the tissue
disposition of PCE and TET in rats following oral and ia administration.
'Efficiency of recovery from tissues spiked with the halocarbons ranged from
approximately 70% for muscle to nearly 100% for liver and brain. Reproducibility
between different spiked tissue samples has been found to be very consistent.

XI. MEASURFMENTS OF POE IN THE- TISSUES OF RATS FOLLOWING ORAL AND
INTRAARTERIAL ADMINISTRATION
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Groups of male S-D rats (mean body wt - 350 g) were administered PCE via
a surgically-implanted carotid artery cannula. As blood' flow in the right
carotid artery ceases when the cannula is inserted and- the vessel ligated, a
solution injpcted through the cannula flows back to the heart and enters the
systemic arterial circulation. Thus, this technique allows direct intraarterial
(ia) injection. Serial blood and tissue samples have been taken following
dosing, in order to characterize uptake and elimination profiles for PCE. Blood
and tissue sampling will be carried out biyond the normal 5 to 6 half-lives to
ensure that the terminal elimination phase in all tissues is adequately
characterized. A minimum of 4 rats were sacrificed at each of the following time

ionts: 1/4, 1/2, 1, 2, 4, 6, 12, 18, 24, and 48 hours~after the administration.
.of a single bolus dose. One gram samples of brain, liver, kidney, lung, fat,
heart,_and muscle were then procured and analyzed as described in Section VII.
Profiles of the tissue uptake, disposition, and elimination of POE following ia
and oral administration are compiled in Appendix G.

Absorption of PGE into the tissues following intraarterial (ia)
administration was very rapid, as indicated by the significant levels detected
in all tissue samples at just 15 minutes following exposure (Appendix G, Fig. 1,
or Fig. G-1). The highest levels were achieved in the fat (35.6 Yg PCE/g), with
levels of 20-26 pg PCE/g in the liver, kidney and brain. By 30 minutes post-
administration (Fig. G-2), PCE concentrations in all sampled tissues had declined
by 25-50% except for those in the fat, which remained relatively equivalent to
that measured after 15 minutes. PCE levels in the fat achieved a peak

C concentration of 67 pg/g after 1 hour, while PGE concentrations in the other
tissues continued to steadily decline (Fig. G-3). Fat levels did begin to
decline by 2 hours following exposure (Fig. G-4), while all other tissue groups
decreased by more than 60% relative to an hour before. The rate of diminution
in non-fat tissue concentrations began to level off by 4 hours (Fig. G-5) and 6
hours (Fig. G-6) post administration. By.6 hours following ia administration,
fat levels of PCE had diminished to about 64% of the peak level achieved 5 hours
before. Between 6 and 12 hours following POE administration, levels in non-fat
tissues diminished by more than 50%, while fat concentrations decreased by only
9% (Fig. G-7). After another six-hour interval, POE concentrations in the liver,
kidney, heart, and brain remained relatively constant (Fig. G-8). These tissue
groups probably have reached an approximate equilibration within the same time
frame because they represent the well-perfused tissue groups we have sampled in
this study. The muscle tissues, representing the poorly-perfused tissues in this
investigation, continued to decline significantly after 18 hours. Tissue
measurements taken after 24 (Fig. G-9) and 48 hours (Fig. G-10) appeared to
indicate that POE levels in non-fat tissues were decreasing at a rate of 50% in
a 24 hour period, while fat levels demonstrated an 85% decline.

Examination of the tissue concentration-time profiles for ia
administration separately for each tissue group sampled indicated definitive
similarities and differences between the tissues in PCE disposition and
elimination. Profiles for the liver, kidney, and brain (Fig. 0-21) were nearly
identical. There was a distinct similarity in both the magnitude of POE
concentration and the rate of elimination as reflected by the tissue

S concentration-time profile for these three well-perfused organs. The lung and
the heart (Fig. G-22) also displayed a marked similarity in these parameters.
These two tissue groups had POE concentrations consistently less than in the
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tissue concentration-time profiles for the three well-perfused tissues. However,
concentrations at the final sampling point (48 hours) converged for these five
tissue groups. The muscle tissue profile (Fig. G-22) was similar to that of the
heart.afid luog, but was slightly higher between the 6 and 24 hour poinrs. The
fat tissue concentration-time profile (Fig. G:26) was completely different from
the other-tissue groups. The highly lipophilic nature of PCE obviously resulted
in much higher levels in the fat,,as well as a much slower rate of decline during
the extended elimination phase.

Perhaps the most pressing risk assessment concern presently for exposure
tohalocarbons by human populations is the potential for oral exposure-due to the
-ncreasingly reported incidence of contaminated drinking water supplies. Oral
•xposures were conducted in rats in the present context by administering a 10,
-mg/kg dose in a single oral bolus. Male ;Sprague-Dawley rats with a mean body
weight of 350 grams were administered the halocarbon with a gavage intubation
needle. Sampling times and procedures were identical to those employed for the
parallel ia studies.

Absorption of the PCE from the gut was very rapid, as indicated by the
significant levels of the halocarbons measured in all tissues after just 15
minutes (Fig. G-11). PCE levels at this initial sampling point were 3-10 times
higher after ia-administration than after an equivalent dose given orally. Also,
the liver and brain levels after oral dosing were actually slightly higher than
levels in the. fat, a situation which never occurred following ia administration.
PCE levels decreased only slightly in most of the non-fat tissues by the 30
minute sapling point (Fig. G-12). Levels of PCE in the lung and fat increased
slightly. There was a dramatic increase of PCE in the fat after 1 hour (Fig. G-
13), however, while the non-fat tissue levels demonstrated only slight increases
or decreases. Indeed, the concentration of PCE in the heart, muscle, lung, and
brain had still not-begun to decline by the measurements conducted 2 hours after
oral dosing (Fig. G-14). All the non-fat tissue concentrations were thus not in
a consistent state of decline until 4 hours after oral dosing (Fig. 0-15). Peak
levels of PCE in the fat were 44.4 pg/g at the 6 hour point, while the decline
in non-fat tissue levels in that 2 hour interval was minimal (Fig. G-16).
Consistent decreases in fat concentration of PCE did not occur until the
following six hour intervals, at the 12 hour (Fig. G-17), 18 hour (Fig. G-18) and
24 hour (Fig. G-19) sampling points. By 48 hours after oral dosing with 10 mg/kg
of PCE Fig. G-20), though, the halocarbon could only be detected in the liver
(barely) and in the fat.

The analytical method for PER in blood and tissues had the following
recovery efficiency per tissue group: liver - 96%; Kidney - 69%; fat - 74%;, heart
- 76%; lung - 79%; muscle - 80%; brain - 72%; and blood - 105%.

In summary, maximum tissue concentrations (C.,,) were achieved rapidly
following both po and ia administration, within 10 to 60 minutes for all tissues
but for PER in fat following oral dosing (6 hours). The nonfat tissue C.,x
values for is administration were about 4-5 times that of the Cx values of the
same tissues in po dosed animals. The fat Cm. for the ia group was 1.5 times
that of the po group. The shortest th for elimination of PER from tissues
occurred in the liver, though elimination from the other nonfat tissues was only
slightly longer. Due to the highly lipophilic nature of PER, the COx and AUC
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values for the fat tissues were substantially greater than the other tissues
following-both ia and po administration.

- The degree of blood perfusion had a significant impact on tissue
disposition. Highly perfused organs such as kidney and brain had similar values
for C., -AUG, and th within each administrative route. Poorly perfused and
nonlipoidal tissues such as skeletal muscle had a lower CG and AUG than these
highly perfused tissues. Relative bioavailability-, AUC./AUCI., was highest for
liver (0.83), with values ranging down to 0.62 for lung and 0.68 for muscle
tissue.

II. TISSUE MEASUREMENTS OF TET FOLLOWING ORAL AND INTRAARTERIAL
ADMINISTRATION

Comparisons of the tissue uptake, disposition, and elimination of TET
were also made between oral and intraarterial administrations. Groups of male
S.-D rats (mean body wt - 350 g) were administered TET at 10 mg/kg via a
sugically-implanted carotid artery cannula. As blood flow in the right carotid
artery ceases when the cannula is inserted and the vessel ligated, a solution
injected through the cannula flows back to the heart and enters the systemic
arterial circulation. Thus, this technique allows direct intraarterial (ia)
injection. TET was administered orally through a gavage needle as a single oral
bolus. Serial blood and tissue samples have been taken following dosing, in
order to characterize uptake and elimination Rrofiles for TET. Blood and tissues4 sampling were carried out beyond the normal 5 half-lives to ensure that the
terminal elimination phase in all tissues was adequately characterized. A
minimum of 4 rats were sacrificed at each of the following time points: 5, 15,
30, 45, 60, and 90 min and 2, 3, and 4 hrs (fat was sampled up to 24 hrs) after
the administration of a single bolus dose. One gram samples of brain, liver,
kidney, lung, fat, heart, and muscle were then procured and analyzed as described
in Section VII. Profiles of the tissue uptake, disposition, and elimination of
PCE following ia and oral administration are compiled in Appendix D.

Absorption of the TET was very rapid, with maximum tissue concentrations
achieved in all sampled tissues within 30 minutes following oral administration.
The maximum tissue concentration achieved after oral TET exposure was 6.07 pg/g
of fat (Table H-2). Liver concentrations were nearly as high (4.83 -pg/g)
following oral dosing as occurred in the fat. The half-lives of TET in liver,
kidney,-'heart, muscle, and brain were similar, at approximately one hour. The
th in fat was 3.6 hours. A similar pattern in elimination was seen following
intraarterial administration, with a similar half-life in all of the non-fat
tissues (Table H-1). The th in fat was slightly less than half as long as that
in the other tissues. Tissue concentration time profiles in each of the tissues
are in the Appendix (Fig. H-I through H-8), with the oral and intraarterial
administrations for each tissue displayed together.

XIII. INTERSPEGIES COMPARISONS OF THE PHARMACOKINETICS OF PERCHLOROETHYLENE IN
DOGS AND RATS

An important consideration in health risk assessments of halocarbon
solvents is the validity of species to species comparisons of the uptake,
disposition, and elimination of the chemicals following their ingestion.
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Therefore, the relative pharmacokinetics in species of widely varying size was
evaluated following the administration of perchloroethylene (PER). The
objectives of this study were to: (1) Characterize the uptake, disposition, and
Aelimipation of perchloroethylene in two species of wide variation in size, the
rat and the dog; (2) Utilize oral and intraarterial administrations of the
compound to compare the relative "absorbed dose" in each species; and (3)
Evaluate whether interspecies differences in the pharmacokinetics of PER were
related to differences in observed-toxicity between the species.

- The results of these interspecies comparisons for perchloroethylene were
lesvnted at the latest meeting of the Society of Toxicology that was held in
fiallas, TX in February, 1991. The reference for this abstract (also listed in
Appendix M) is as follows:,

Chen, X.M., Dallas, C.E., Muralidhara, S., Tackett, R.L.,
Bruckner, J.V., and Gallo,. J.M. "Interspecies comparisons of
perchloroethylene pharmacokinetics following oral and
intraarterial administration." 30th Annual Meeting of the
Society of Toxicology, Dallas, TX; Toxicologist 1_i: 351 (1991).

Male beagle dogs (5-10 kg), obtained from Marshall Farms, and male
Sprague-Dawley rats (325-375 g), obtained from Charles River Laboratories, were
employed in these studies. For the animals intended to-receive the ia dose, an
indwelling carotid arterial cannula was surgically implanted on the day beforet the exposure. For obtaining blood samples following compound administration, an
indwelling jugular vein cannula was implanted into all the test animals. Both
cannulas exited the body of the test animal behind the head, and the animals were
allowed to recover from the anesthesia until the following day. Food was
withheld during the 18 hour recovery period before dosing.

The rats and dogs were administered PER at doses of 1, 3, or 10 mg/kg.
PER was administered as an emulsion in polyethylene glycol (PEG) in a single
bolus dose. The is administration was conducted using the carotid arterial
cannula. Oral doses were administered using a gavage needle for rats and a
teflon tube for dogs.

Serial 20 pl blood samples were collected from an indwelling cannula in
the jugular vein at intervals up to 96 hours following dosing. While rats
exhibited only slight neurobehavioral effects following PER ia administration,
the dogs receiving the 10 mg/kg ia dose demonstrated a very high degree of
central nervous system (CNS) depression. Data for ia administration in dogs are
therefore presented only for the I and 3 mg/kg doses. PER concentrations in the
blood of rats following 1 mg/kg oral administration rapidly declined below the
limit of detection (Fig. I-1), so data for oral dosing in rats are shown only for
the 10 mg/kg dose.

PER concentrations in the blood samples were analyzed by headspace gas
chromatography (GC). The CC was equipped with an electron capture detector and
an automatic headspace analyzer. The operating conditions were: headspace
sampler temperature, 90*C; column temperature, llOC; injection port temperature,
200'C; detector temperature, 4001C; column packing, 10% FFAP; flow rate for
argon/methane carrier gas, 60 ml/min.
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The blood concentration-time data were evaluated by Lagran (M. Rocci and
W.J. Jusko) computer programs for the assessment of the appropriate
pharmacokinetic model and calculation of relevant pharmacokinetic parameters.

Absorption of. PER following oral administration- was rapid in rats and
dogs, with peak blood levels achieved in both species and at both doses between
10 and 40 minutes (Fig. 1-2). The maximum concentration of PER reached in the
blood was higher in dogs than in rats for the 10mg/kg oral dose (Fig. 1-3). The
terminal elimination half-lives of PER in rats appeared to be shorter than in
dogs for each dose and route of administration (Fig. I6).

Following both oral and intraarterial administration of PER, AUG seemed
higher in'dogs than in rats though the apparent difference was not sufficient to
be staistically significant (Fig. 1-5). The interspecies difference was more
pronounced following oral administration than after ia dosing.

Foliowing ia doses of 10 mg/kg PER, dogs exhibited severe cardiotoxic
symptoms and central nervous system (CNS) depression (including unconsciousness),
while rats lemonstrated only slight, transient neurobehavioral effects. No CNS
effects were observed in either species following po administration of PER at
either dose. The blood level data will be utilized to evaluate the utility of
physiologically-based pharmacokinetic models in conducting interspecies
extrapolations of pharmacokinetic data.

In summary, pharmacokinetic parameters for the oral and intraarterial
administration of PER indicate that the uptake of PER following ingestion was
relatively higher in dogs than in rats (Table I-1). Higher peak blood
concentrations of AUG in dogs relative to rats following an equivalent exposure
would indicate a higher bioavailability (Fig. 1-7). However, the interspecies
pharmacokinetic differences in most cases was not statistically significant.

A difference in bioavailability would be expected to result in
interspecies differences in target organ concentrations and subsequent toxicity
following equivalent doses in the two species. While there were interspecies
differences in central nervous system depression and cardiotoxicity following
intraarterial administration, there were no observable differences in toxicity
between rats and dogs following oral exposure.

XIV. -INTERSPEGIES COMPARISONS OF THE PHARMACOKINETICS OF INGESTED
TETRACHLOROETHANE

In parallel to the studies of perchloroethylene, the relative
toxicokinetics between species of wide variation in size was evaluated following
tetrachloroethane (TET) ingestion. Male Sprague-Dawley rats and beagle dogs were
administered TET as doses of 10 or 30 mg/kg. The halocarbon was administered in
polyethylene glycol (PEG) in a single bolus either orally (po), or by
intraarterial administration (ia) through an indwelling carotid arterial cannula.
Blood samples were collected from an indwelling cannula in the jugular vein at
intervals up to 48 hours following administration, and the halocarbon
concentrations analyzed by headspace gas chromatography. The terminal
elimination half-lives of TET in dogs were significantly longer than in rats for
both routes of administration and for both po doses. Bioavailability, peak blood
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levels and the area-Under-the-bloodiconcentration-time curves were also higher
in dogs relative to equivalent dosesih rats po and ia. These results show that
there are significant species differences in the ' toxicokinetlcs and
iioavaiIability of ingested TET, andthat further evaluitions are needed for.
making interspecies comparisons of toxicokinetic data for halocarbons.

The results of this study were presented at the llth annual meeting of
the Society of'Environmental Toxicology and Chemistry in'November of 1990. The
reference for this study (also liste in Appendix M) as presented in the abstract
is as follows: -

* Dallas, C.E., Chen, X.M., Muralidhara, S., Tackett, R.L.,
_.Bruckner, J.V., and Gallo, J.. "Interspecies comparisons of the
toxicokinetics and bloavailability of ingested
tetrachloroethane." llth 4nnual Meeting of the Society of
Environmental Toxicology and Chemistry, Washington, DC; Global
Environmental Issues: Challense for the 90s: 176 (1990).

Male beagle dogs (5-10 kg); obtained from Marshall Farms, and male
Sprague-Dawley rats (325-375 g), obtained from Charles River Laboratories, were
employed in these studies, For the animals intended to receive ia
administrations of the test compounds, an indwelling carotid arterial cannula was
surgically implanted the day prior to the exposure. for procuring blood samples
following halocarbon administration, an indwelling jugular vein cannula wasCimplanted in all the test animals. Both cannulas exited the body of the test
animal behind the head, and the animals were allowed to recover from anesthesia
until the following day. Food was withheld during the 18 hr recovery period
before dosing.

The rats and dogs were administered a single bolus dose of either 10 or
30 mg/kg TET, using.polyethylene glycol (PEG) as a dosage vehicle. Both oral
doses were administered using a gavage needle for rats and a teflon tube for
dogs. The ia administration was conducted using the carotid arterial cannula.
While rats exhibited no neurobehavioral effects following TET administration, the
dogs receiving the 10 mg/kg ia dose demonstrated a very high degree of central
nervous system (CNS) depression. Data for ia administration in dogs is therefore
presented only for the 10 mg/kg dose.

'Serial 20 ;sl blood samples were taken at selected intervals for up to 48
hrs following dosing. The concentrations of TET in the blood samples were
determined by headspace analysis using a Perkin-Elmer Sigma 300 gas chromatograph
equipped with an electron capture detector and an automatic headspace analyzer.
The operating conditions for the 6-ft x 1/8-inch stainless steel column were:,
headspace sampler temperature, 100°C; injection port temperature 200*C; column
temperature, 140*C; detector temperature, 400oC; column packing, 3% OV-17; flow
rate for argon/methane carrier gas, 60 ml/min.

The blood concentration-time data were evaluated by R-strip (Micromath
Scientific Software) and Lagran (M. Rocci and W.J. Jusko) computer programs fort. the assessment of the appropriate pharmacokinetic model and calculation of
relevant pharmacokinetic parameters.
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Absorption of TET following oral administration was very rapid in rats
and dogs, with peak blood levels achieved in both species and at both doses
between 12 and 22 minutes (Fig. J-1, J-7). The naximum concentration of TET
xeached In the blood was higher in dogs than in rats in all cases, though this
difference was only statistically significant for intraarterial administration
(Fig. J-2). The half-life of TET was longer in dogs than in rats, and at a high
level of significance by intraarterial administration and at both doses given-
orally (Fig. J-6).

- _ Following both oral and intraarterial administration of TET, AUC was
sgnificantly higher in dogs than in rats (Fig. J-5). The bioavailability of TET
'rom oral exposure was higher in dogs than in rats (Fig. J-8). Following
equivalent ia doses of 30 mg/kg TET, dogs exhibited severe CNS depression
U'(including unconsciousness) while r1ts demonstrated no appreciable
neurobehavioral effects (Fig. J-4). No CNS effects were observed in either
species following po administration at either dose.

There were significant differences in the pharmacokinetics of TET between
rats and dogs following oral and intraarterial administration. Higher peak
ccncentratien., higherblood--levels- over -tiy., andgreater bioavailability in
dogs relative to rats following an equivalent exposure indicated that a
significantly higher "absorbed dose" was received in the dogs. This significant
difference in absorbed dose would be expected to result in interspeciesdifferences in target organ concentrations and subsequent toxicity followingequivalent doses in the two species.

XV. DEVELOPMENT AND VALIDATION OF PHYSIOLOGICALLY-BASED MODELS IN THE
PREDICTION OF HALOCARBON PHARMACOKINETICS

An important goal of the project has been to develop and validate
physiologically-based pharmacokinetic (PBPK) models, which will allow accurate
prediction of the concentration of halocarbons in blood and tissues over time
following inhalation and oral exposure. The pharmacokinetic studies conducted
in earlier phases of the project have thus provided a unique data base from which
to formulate and test the models. Data from the direct measurements of blood and
exhaled breath levels of halocarbon have been compared to simulated values
calculated from mass-balance differential equations comprising the model.
Thereby, the accuracy of the model has beentested by comparison to observed
blood iiid exholhcd breath concentrations.

The current investigation of the uptake and elimination of TRI in rats
provided the first available data base for direct measurement of TRI in the
exhaled breath and blood during inhalation exposures in rats (See Appendix A,
Figures 2 end 3). A PBPK model was therefore developed to describe the
disposition of TRI in the rat (Appendix A, Figure 1) using this unique
opportunity for comparison of computer simulated values with these direct
measurements for validation of the model. The fundamental characteristics of
this initial model development were based on the work by Ramsey and Andersen
(1984) and their PBPK model for the prediction of the kinetics of inhaled
styrene. Model-generated simulations of blood and fat styrene concentrations
were in agreement with concentrations measured over a period of hours in rats
subjected to a series of vapor levels of styrene. Andersen et al. (1984)
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expanded their inhalation model for brominated dihalomethanes to forecast not
only the time-course of the parent chemical, but the tine-course of two
metabolites as well.

In the present model development for TRI, it was assumed that a blood
flow-limited model was adequate to characterize the tissue distribution of TRI.
Blood flow-limited tissue compartments consider the chemical to be homogeneously
distributed throughout the blood, interstitial and intracellular spaces. The
differential mass balance equation used for a non-eliminating blood flow-limited
organ was:

(C. - C'

where: Vi - volume of the i tl organ
Ci - concentration in the i* organ
Q, - blood flow for i t, organ
C4 - blood concentration
R, - partition coefficient

Eli inating organs, such as the liver, required a clearance term added to
this equation for blood flow-limited compartments. In the case where clearance
was constant, the term: -CL1/C1/R1 would be employed where CLi is equal to the
intrinsic clearance for the itl organ. For nonlinear clearance, the term -

~ VC,/(KIVCi) was added to the appropriate mass balance equation. V. equals the
maximum rate of the elimination process (i.e., metabolism) and K. equals the
concentration at which the rate is half the maximum value.

In the development and validation of physiologically-based pharmacokinetic
(PBPK) models in this project for predicting the pharmacokinetics i . various
halocarbons, an important goal has been to define a single model that hae the.
capability of Producing accurate simulations for more than one chemical. --Of
course, required changes in physicochemical constants are dictated as different
chemicals are employed, but the utility of a validated model will be enhanced
considerably if additional adjustments in model parameters can be minimized. In
the previous year of this project, therefore, a PBPK model was developed that has
heen tested for its utility in providing reasonably accurate simulations for
three different halocarbons: TRI, TCE, and PER.

The PBPK model for inhaled TRI and laboratory data used for the model
validation has been published in a peer-reviewed journal. A reprint of the
publication is included as Section A of the Appendix. The reference for this
publication (also listed in Section F of the Appendix) is as follows:

Dallas, C.E., Ramanatban, R., Huralidhara, S., Gallo, J.M., and Bruckner,
J.V. "The uptake and elimination of 1,1l1-trichloroethane (TRI) during
and following inhalation exposures in rats. Toxicologv and Antlied
Pharmacology 98: 385-397 (1989).

Compartmental volumes and organ blood flows were obtained from the
literature (Gerlowski and Jain, 1983; Ramsey and Andersen, 1984) and sclaed to
340 g, the mean body weight of rats used in the present study. Partition
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coefficients and the metabolic .cate constant for TRI were taken from Cargas et
A__ (1986, 1989), except for th" richly perfused tissue:blood and lung:blood
partition coefficients, which were assumed to be the same as the liver:blood
,partition coefficient

This PBPK model that was validated for TRI inhalation has been evaluated
for its utility in predicting TCE levels in rats during and following inhalation
exposures. TCE and TRI are interesting test chemicals to compare and contrast
since they are so structurally similar, yet differ significantly in metabolic
capacity. TR is only slightly metabolized by the rat, so the impact of liver
metabolism-on the model simulations was not of great importance. However, since
TCE is so hihly metabolized, it is essential to incorporate accurate estimates
bf the Michaelis-Menten parameters Into the PBPK model so that the model
"rediions would correctly estimate metabolic rates. The PBPK model for TCE
inhalation was evaluated by comparison to direct measurements-of TCE in the blood
and exhaled breath of exposed rats. The model and the direct measurements. used
for validation have been included in a paper now in press at a peer-reviewed
journal. The reference for this paper (also included in Section F of the
Appendix) is as follows:

Dallas, C.E., Ramanathan, R., Muralidhara, S., Gallo, J.M. and Bruckner,
J.V. : "Physiological pharmacokinetic modeling of inhaled
trichloroethylene in rats." In press, Toxicology and Anolied
PharmacologY, 1991).

In general, the PBPV model predictions for TGE are in good agreement with
the actual data. The prediction of exhaled breath levels during TCE inhalation
are in close agreement wig the direct measurements of expired TCE at both dose
levels. Post-exposure exhaled breath predictions were accurate for the 50 ppm
group and slightly underpredicted for the first hour following exposure to 500
ppm ICE (predictions thereafter are accurate). During ICE inhalation exposure,
blood level simulations for the 50 ppm group were slightly overpr~dicted (about
0.1 pg/ml). Post-exposure blood levels were overpredicted during the first hour
,following exposure to 500 ppm ICE. After the first hour post-exposure, all
predicted values are in excellent agreement with the observed ICE concentrations.

The present model incorporated the dynamics between the venous, alveolar
and arterial compartments that has been used for a methylene chloride PBPK model
(Angel6'and Pritchard, 1984, 1987). The representation is appealing in that the
venous and arterial blood pools are distinct, and a physiologically realistic
membrane transport term (h) controls chemical uptake and elimination at the
alveolar-lung interface. The blood flow-limited tissue compartments and the
Michaelis-Menten liver elimination are similar to other models on metabolized
volatile organic compounds (Andersen et al., 1987). The experimentally measured
model parameters, alveolar ventilation, and the inhaled gas concentration, were
the only values that were altered for the predictions obtained at the 50 and 500
ppm exposures to TCE. The mean of the measured alveolar ventilation rates for
TRI and TCE were used for the oral simulations. First-order absorption rate
constants (Ka) and bioavailabilities (f) were empirically estimated, and theCvalue of V. for TCE was adjusted from the reported value to permit better
agreement between observed and predicted TCE blood concentrations.
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The PBPK model applications for TCE and TRI were presented together at the
latest meeting of the Society of Toxicology and that was held in Atlanta, GA in
March, 1989. In addition to the model development and data validation for
.inhalatlon exposures, PBPK model simulations for oral administrations of TCE and
TRI-were also presented. The reference for this abstract (also listed in Section
M of the Appendix) is as follows:

Gallo, J.M.,, Dallas, C.E., and Bruckner, J.V.: "Physiological
pharmacokinetic models for 1,1,1-trichloroethane (TRI) and 1,1,1-
trichloroethylene (TCE) in rats following inhalation and oral exposures."

. .:28th- Annual Meeting of the Socidty of Toxicology, Atlanta,- GA; - -
= Toxicologist 9: 230 (1989).

-The PBPK model appears to be a suitable predictor for orally administered
TCE or TRI. However, the current absorption rate constant parameters differ for
the low and high oral doses, and is not consistent with a linear pharmacokinetic
model. Utilizing the same Ka and f values for both doses produces predicted
blood TCE concentrations considerably different from the observed concentrations.
Resolution of this problem could be achieved by further experimentation
(including iv and oral dosing and tissue concentration determinations), and
possibly by optimization of the absorption parameters -based on the global model.

A third test chemical. PCE. has been employed demonstrating the versatility
of the PBPK model for the prediction of halocarbon pharmacokinetics. Observed
values from measurements of PCE in the blood and exhaled breath of rats during
and following inhalation exposure (see Section VIII of this report and Section
E of the Appendix) were used to compare to simulations by the model to establish
its accuracy for inhaled PCE. The only changes necessary in the model were the
physicochemical constants specific to PCE, and the, values measured in the
laboratory for the alveolar ventilation and inhaled concentrations sp cific to
the validation experime- s. Partition coefficients for PCE for input into the
model were obtained fi,. Ward et al. (1988), as well as estimates for the
Michaelis-Menten parameters (Table 1, Appendix E).

Model-simulated values for elimination of inhaled PCE in the breath were
in close agreement with direct measurements of expired PCE during inhalation
exposure at both dose levels. Post-exposure exhaled breath predictions were
slightly lower than observed values (Fig. E-2). PCE blood levels were
overprddicted during inhalation exposure (Fig. E-3). The computer-simulated
levels approached near steady-state more rapidly than did observed values. Post-
exposure blood concentrations were either in close agreement or only slightly
underpredicted (Fig. E-4). Predictions of the cumulative uptake of inhaled PCE
during the course of 500 ppm inhalation exposure were very close to the uptake
values calculated from the observed exhaled breath data and monitoring of
-reseratory volumes (Fig. E-6). Uptake during inhalation of 50 ppm PCE was
underpredicted relative to calclulated values (Fig. E-7).

The predicted values for the elimination of TRIin the exhaled breath were
in very close agreement with the measured values determined in the inhalation

S exposure to TRI in rats reported in this project (Appendix A, Figure 2 and 3).
The simulations were close to the experimentally-observed values during both the
uptake and steady-state phases during TRI inhalation, and in the elimination
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-phase after the termination of exposure. The concentration-time profiles of TRI
in the blood were also well-desired by the PBPK model. Only for the-near steady-
state phase during inhalation exposure to 50 ppm TRI- was there a relatively small
overestilmatign (about 50 ng/ml) of the predicted blood-levels relative to the
observed blood levels. The model predicted a slightly more rapid decline in
blood levels postexposure in both groups thanwas observed during the period of
130-200 min, bit levels at subsequenttime points.were accurately predicted. The
ability of the model to accurately predict TRI levels in samples from two
different physiological sources in the rat was encouraging in this initial model
development effort.

The PBPK model developed in the previous studies for inhaled TRI has also
been evaluated for its utility in predicting halocarbon pharmacokinetics
lolloing oral administration. The differential mass balance equations
comprising the model included the parameters for compartmental volumes, organ
blood- flows, and partition coefficients as listed in Table I of Appendix A.
Input into the model was obtained from the absorption rate-constant controlling
TRI uptake into the systemic circulation,and was determined from analysis of
blood concentration-time data. Simulated values of thA-uptake and elimination
of a single oral dose -of 6 mg/kg of TRI are presented inFigure 11, along with
the observed experimental values in rats from the current investigation.
Observed a'nd simulated values for TRI oral exposures of 48 mg/kg are shown in
Figure 12. An absolute bioavailability (F) ofO.,5-and a Ka of 0.05 was employed
in these simulations of TRI ingestion. A comparison of these observed andCsimulated values reveals a reasonable similarity in concentration in the uptake
and elimination of ingested TRI. C-MAX, or maximum concentration of TRI attained
following ingestion of the compound of the computer simulation, was very close
in magnitude to the observed peak arterial concentration observed at both dose
levels employed.

In order to improve the accuracy of the model predictions, tissue:blood
partition coefficients ,ere estimated using direct measurements of a halocarbon
in rat tissues during and following exposure. Male Sprague-Dawley rats were
administered 10 mg/kg perchloroethylene (PER) by an indwelling carotid arterial
cannula (ia), or inhaled 500 ppm PER for up to 2 hr in dynamic inhalation
exposure chambers. Serial samples of brain, liver, kidney, lung, heart, skeletal
muscle, adipose tissue, and blood were taken during exposure and up to 72 hr
post-exposure. Blood and tissue samples were analyzed for PER content using a
GC-ECD lieadspace technique. Maiimum tissue concentrations (C.,x) were achieved
for most tissues within 15 min following the termination of exposure, with
adipose tissue achieving a C., up to 4 hr following the termination of the
inhalation exposure (Table K-l). There were similar terminal elimination half-
lives (t4) for each of the tissues, except for the fat which exhibited a longer
ti value (Table K-2). As comparable tissue t4 are consistent witha blood-flow
limited model, tissue-blood partition coefficients were calculated for non-
eliminating compartments using the ia administration data, by dividing of the
area-under-the-tissue-concentration-time curve (AUC) by the blood AUC. For the
liver, the first-order metabolic rate constant and tissue PER concentration were
-also employed in the calculation. The utility of the calculated partition

S coefficients for PBPK models was evaluated by comparison of the observed tissue
concentration-time data for ia and inhalation exposures to PER with pr6dicted

----------------------------------------- -- -
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values by the mode- Tissue concentration time data were thus demonstrated to
provide valuable input for halocarbon PBPK model parameter estimates.

-These PBPK simulation studies of PER in tissues were presented at the 30th
annual Meeting of the Society of Toxicology held in Dallas, TX in February of
1991. The reference for the abstract of this presentation is as follows.

Dallas, C.E., Gallo, J.M., Chen, X.M., Muralidhara, S., O'Barr, K.,
and Bruckner, J.V. "Physiologically-based model parameters
estimation from perchloroethylene tissue pharmacokinetics." 30th

; .Annual Meeting of the Society of Toxicology, Dallas, 'TX; -

.: Toxicologist 11: 33 (1991).

Male Sprague-Dawley rats (325-375" g), obtained from Charles River
Laboratories,- were employed -in these studies. For the animals intended to
receive the ia -dose, an indwelling. carotid arterial cannula was surgically
implanted the day before the exposure. The cannula exited the body of the test
animal behind the head, and the animals were allowed to recover from anesthesia
until the following day. For ia administration, PER was administered at a dose
of 10 mg/kg as-an emulsion in polyethylene glycol (PEG) in a single bolus dose
through the carotid arterial cannula. Inhalation exposures of freely moving
animals were conducted in 1.0 M3 Rochester-type dynamic -flow chambers. Each
animal was individually housed in wire-mesh exposure cages in the chamber. The
500 ppm perchloroethylene (PER) test atmosphere was generated by vaporization of
the compound under a strict air flow- and temperature-controlled schedule.
Concentration-of PER were monitored by gas chromatography. The animals received
up to 2 hours inhalation exposure to 500 ppm PER, and breathed fresh air
thereafter until terminal sacrifice.

Groups of animals (n-4) were serially sacrificed (using etherization)
following is dosing at the following time intervals - 5, 10, 15, 30, and 60
minutes, and 1, 2, 4, 6, 12, 24, and 36 hours. Animals were removed from the
inhalation chambers at the following intervals during the inhalation exposure:
15, 30, 60, 90, and 120 minutes. Following the termination of PER inhalation,
animals were taken for sacrifice at the following intervals: 0.25, 0.5, 1, 2,
4, 6, 12, 24, 36, 48, and 72 hours. Blood samples were obtained by cardiac
puncture. Approximately 1 gram each of liver, kidney, brain, lungs, heart, fat,
and muscle were quickly removed and placed in 4 ml cold saline. Tissues were
homogenized for the shortest possible time intervals, specific for each organ,
to reduce the volatilization of the test compound during homogenization. The PER
in each sample was thenextracted with 8 ml Isooctane. A 20 pl aliquot was
placed in an 8 ml headspace vial, which was capped and subjected to controlled
temperature and pressure conditions in a Perkin-Elmer HS-6 Headspace Sampler.

Analysis was made of the PER in the vial headspace on an (8' x- 1/8")
stainleis steel lbiun in a Perkin Elmer gas chr6matograph with an electron
capture detector. The column temperatures were: detector-360*C, column-ll0-°C,
headspace-90'C, injector-200"C. Valueswere compared to a standard curve, and
the tissue concentration corrected for the percent recovery characteristic for

S each tissue.

--- &



S Maximum tissue concentrations '(Ca) were achieved within 15 minutes
- following.the termination of- inhalatin, exposure. for all nonfat tissues. C.
was - achieved within- 60 rni~ut~s following. is adkinistratiin and it 4 houra
followifg: the. termination of -PER ,inhalatibn.

The-rate of elimination- of PERwas somewhat similaramong the varios rat
tissues.sampled Ifollowing b th routes of.exposure. The th of PER in-tissues
-following- ia administration was in a narrow range- from 6.6 to 7.8'hours. The
range ?f th for nonfat tissues following PER inhalation was 5.5 to 7.7 hours, and
the fat th was 9.6 hours. Due to the highly lipophilic-nature of PER, the C.
and,.AUG-values for the fat tissues were substantially greater than-the other
issuis following both ia administration and inhalation exposure.

"~* Concentrations of PER in blood (Figs.K-16 and F-24), brain (Figs. K-15 and
K-23), kidney (Figs. K-10 and K718), heart (Figs. K-12 and K-20), and lung (Figs.
K-13 and K-21) following ia administration were well simulated by the PBPK model
using the partition coefficients calculated from the observed ia tissue
concentration data. PER concentrations in fat were slightly overpredicted
following-the attainment of C,., with close predictions again attained after 18
hours (Figs. K-11 and K-19). PER concentrations were also well simulated in
liver (Fig. K-9) and muscle (Fig. K-14); with only a slight underprediction at
the beginning of the terminaLelimination phase.

For simulation of PER kinetics during and following inhalation exposure,
S there was a general tendency for.underprediction to varying degrees using the

PBPK model with- the calculated partition coefficients. There were
underpredictions during the 2 hour inhalation exposure and up to the terminal
elimination phase for brain, heart, liver, fat, blood, and lung. PER
concentrations for these tissues in the terminal elimination phase were, for the
most part, well predicted. Concentrations of PER in the kidney were fairly well
predicted both during and following inhalation exposure.

XVI. MEASUREMENTS OF THE NEUROBEHAVIORAL TOXICITY OF HALOCARBONS

In estimating toxicity from pharmacokinetic data and ultimately using such
estimates for interspecies extrapolation, two assumptions are inherent: that the
intensity of toxic response from an administered dose depends upon the magnitude
of the dose reaching the target tissue; and that equivalent target tissue doses
in mulfiple species produce the same degree of effect. At present, little
scientific data exist to support or refute the above assumptions. Since the
validation of these assumptions is critical if the results of animal studies are
to be confidently used to predict the consequences of human exposures, Dr,
Dallas' laboratory is aggressively developing a means of validation using
neurobehavioral testing. Mr. Alan Warren, the recent recipient of a Department
of Defense Science and Engineering Graduate Fellowsh.p, has been using tests of
operant performance to measure the central nervous system (CNS) effects of
solvents and subsequently will correlate those effects with the solvent
concentration in the target organ, the brain. Two animal species, rats and dogs,
will be chemically exposed and operant tested to determine whether equivalent

S brain concentrations in rats and dogs result in CNS effects of comparable
magnitude. Although operant testing will undoubtedly be a valuable tool in the
growing field of behavioral toxicology, the present challenge lies in applying
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this technology to test.the dose dependency of'solvent-induced CNS effects, to
determine the appropriateness of interspecies extrapolatioh,and to develop-and
validate toxicodynamic models.

Significant insight into the utility of operant technology, both applied
and theoretical, has been gained. Thus far, our experiences have given us
confidence in operant technologyas a means of validating the assumptions common
to the use of pharmacoklnetic data~and interspecies extrapolation.

The operant testing system, cbnsisting of a computer-controlled and
. enitored test cage for rodents, is located in the inhalation toxicology
.laboratory. The test cage has been placed inside a dynamic flow Inhalation
chambeLwhich is monitored with a Miran 1B2 infrared spectrometer equipped with
ah external data logger. The Miran 1B2 allows us to very rapidly reach target
exposure concentrations inside the inhalation chamber and to maintain
concentrations within a very narrow range. The spectrometer is calibrated with
a closed-loop calibration system and measurements taken with the Miran 1B2 are
compared with gas chromatographic analyses of chamber air.

To this point, only perchloroethylene hasvbeen used, but we intend to
contrast the CNS effects of,perchloroethylene with those of tetrachloroethane.
In the case of perchloroethylene, experiments have been performed in an effort
to define a-dose range that will result in a continuum of increasing behavioral
decrement that can be correlated with brain concentrations. All data presented
in this progress report are from dose-finding experiments.

Exposure via inhalationwas originally proposed, and has'been the route of
chemical administration most explored. Prior to exposure, the food intake of
male, Sprague-Dawley rats is restricted and the rats are trained to lever press

for an evaporated milk reinforcement:on a fixed ration-20 schedule. Once the
rat's operant response-rate stabilizes for multiple training sessions, the rat
is considered "trained" and ready for exposure. The trained rat is placed in the
operant test cage, given 15 minutes to establish a baseline response rate, and
is then exposed to a, steady concentration (500, 1000, 1500, 2000, or 3000 parts
per million) ofperchloroethylene for the duration of the operant test. It was
expected that response rates would decrease slowl as the concentration of
perchloroethylene in the brain increased. However, the response rates of animals
drastically dcreased upon initiation of exposure, in most cases to zero
responses per 5 minutes (See Fig. L-l). Response rates remained depressed for
an unpredictable period of time, and the rats either began responding again or
in some cases remained non-responders for the duration of the test (See Figs. L-1
and L-2). Insome cases, the rats responded at a rate higher than baseline once
they recovered from the response decrement brought about by the initiation of
exposure (See Fig. L-3). The response rates were concentration dependent as seen
in a c6lparison of the areas under the time-response curves during exposure to
500 parts per million (See Fig. L-4).

The abrupt decline in response rate occurred immediately upon the
initiation of exposure at concentrations above the odor threshold but below those

S thought iriitating to rat mucous membranes. Thus, the absenceof responding was
thought to be olfactory mediated, although it is recognized that irritation may
occur once higher chamber concentrations are reached. This line of thinking was
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shared by Moser and Balster (1985), in which they state that "a possible
mechanism for the behavioral-disruption we observed during solvent exposure is
the odor and irritant pro erties of these compounds.'

Since the sensory-mediated disruption of responding prevented the
correlation of response rates to chemical levels in the brain, the search for a
solution was begun. Two solutions have been identified. The first is to render
thie rats. aosmic by bathing the animal's olfactory mucosa with a 5% zinc.sulphate
solution. Although anosmia may be induced by other techniques, theluse of zinc
sulphate is advantageous, in that it does not introduce secondary, nonsensory
affects.which could confound interpretatioi of operant test data. The second
possible solution is to use an alternative means of chemical administration that
d does not invoke sensory responses. Gastric infusion (GI) is currently being
explored and appears to be a feasible' alternative. It is thought that
intraarterial (IA) administration could also prove useful. In addition to
.circumventing the sensory-mediated problem, GI and IA administration simulate the
ingestion of contaminated drinking water and eliminate the uncertainty of
absorbed dose, respectively.

One-should,not:assume that the use of gastrically cannulated rats in an
operant test system is without difficult&is. One obstacle is the-maintenance of
the cannulas' integrity-for the-duration of therat's surgical recovery, operant
training period, and cperant test, all of which may encompass 12 to 14 days. To
prevent the rat from destroying thecannula, a small diameter spring, one inch

( long, is mounted on the animal's~back running lengthwise from the base of the
neck toward the tail. The cannula which exits from the base of the neck is
protected inside the spring. A metal connector is attached to the end of the
gastric cannula-and exits the springto provide a point of connection for the
infusion tubing.

An additional problem is the protection of the infusion tubing once joined
- to the connector. The solution to this problem inv lves suspending a small

diameter spring, approximately 8 inches in length, from the top of the operant
testing cage to the point where the infusion tubing connects with the gastric
cannula. The spring length is just long enough to allow the rat full range of
motion within the operant testing cage. Between the back-mounted spring and the
one suspended from the cage top, the entire length of'the cannula and infusion
tubing is safeguarded from the rat,

A third problem is the preoccupation of the rat with the cannula and
infusion tubing during operant training and the operant test. This diverts the

- rat's attention away from depressing the lever to obtain the reinforcement. It
is hoped that by training cannulated animals with the infusion tubing intact, the
preoccupation will wane. An assessment is also being made of the effectiveness
of cannulating animals after their training has taken place in hopes that they
will be so engrossed in obtaining reinforcements, that the infusion tubing will
largely be ignored. Our experience indicates that when cannulating after
training has taken place, memory loss due to the anesthetic is possible. This
may call for the experimental use of multiple anesthetics to identify one that
d~es not interfere with recall of the learned relationship between level press
and reinforceme.t.
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The administration of test chemicals via inhalation, GI, and IA infusion

are all therefore being employed during operant testing. This will allow us not
only to meet our original goal of testing common assumptions, but also to draw
conclusions 4bout the "role of exposure route in'determining the degree and time-
course of CNS toxicity. Additionally, the ability to administered test chemicals
by multiple routes will enable us to better utilize existing pharmacokinetic data
,generated using these administration routes.

XVII. COLLABORATIVE ARRANGEMENTS

DAs Plncipal Investgator, Dr. ham E.'Dallas has been responsible for the

overall supervision of the project. Dr. Dallas has personally conducted the
inhalation exposures, including experiments with TCE, TRI, DCE, and PER. He has
Also mdeveloped the novel mathematical ipproaches to the analysis of the
respiratory monitoring data for the halocarbon inhalation studies (see Appendix
A). Dr. James V. Bruekne , as Co-Principal Investigator, has been responsible
for the design and conduct of the pharmacokinetic studies of halocarbon
ingestion. Dr. James Gallo has had the primary responsibility for the
development and validation of the physiologically-based pharmacokinetic model
from -the-experimental studies. Dr. Peter Varkonyi-has also helped in these PBPK
model validations, especially with the use of tissue validation data. Dr. R.
Ramanathan has participated in the analysis of blood samples for halocarbon
uptake and disposition from the test animals. This effort was in conjunction
with an EPA project on the effect of exposure route on the toxicity of volatile

S organics, which is intended for use in setting drinking water standards. Mr. S.
Muralidhara has conducted the animal surgery required, analytical determinations
of blood samples, oral exposures to halocarbons, and data analysis. Miss
Elizabeth Lehman was an undergraduate chemistry student who assisted in the
conduct of the laboratory studies, glassware washing, and record keeping. Dr.
Randall Tackett was involved in the pharmacological and pharmacokinetic studies
using the dog as an animal model. Dr. Tom Reigle has had extensive operant
behavior testing experience, and has already provided valuable assistance in the
selection, purchase, and workup of the appropriate testing equipment that can be
used for both rats and dogs.

Dr. Xiao Mei Chen (XMC) has served as a full-time postdoctoral associate
on the project. She was successful in her work in the development of the assay
for the measurement of halocarbons in the tissues of exposed animals (see
Append~i F), and has conducted these tissue measurements thus far for ia and po
exposures for PER and TET. Mr. Alan Warren, the recent recipient of a Department
of Defense Science and Engineering Graduate Fellowship, is a doctoral student who
is using tests of operant performance to measure the central nervous system (CNS)
effects of solvents and subsequently will correlate, those effects with the
solvent concentration in the target organ, the brain. Very useful technical
information and counsel on the development of the PBPK models and the analysis
of pharmacokinetic data in halocarbon inhalation exposures has been received in
consultation with Drs. Melvin Andersen, Harvey Clewell, and Michael Gargas at the
Biochemical Toxicology Branch, Toxic Hazards Division, Harry C. Armstrong
Aerospace Medical Research Laboratory, Wright-Patterson Air Force Base.

XVIII. STATEMENT OF SIGNIFICANCE ADDITIONAL STATEMENTS SECTION
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Comparison of the pharmacokinetic results for the inhalation of TRI, DOCE,
and TCE in-rats provides insight into the relative importance of the roles of
metabolism and volatility in 'the uptake, disposition, and elimination of these
balocarbons. Detailed discussions of the results are-presented in the papers
published, in press, and prepared for submission and included with this report
for TRI (Appendix A), TCE (Appendix B), and DCE (Appendix ). DCE and TRI have
a similar propensity for volatility as reflected by blood:air partition
coefficients of 5.0 and 5.8. However, the two halocarbons are quite different
in their propensity for metabolism. Studies of inhaled DOE excretion patterns
hav~eindicated that sufficiently high doses exceed the metabolic capacity of
exposed-animals (Andersen and Jenkins, 1977; McKenna et al., 1978;-Jones and
*athaway, 1978). Pharmacokinetic studies of TRI.in rats ,(Schumann et al., 1982)
hnd humans (Nolan et al., 1984), though, have clearly demonstrated that this
haloc-a-bon is not metabolized to a significint extent in either species. Indeed,
with the high volatility and relative lack of metabolism, the majority of the
inhaled TRI was found to'be eliminated unchanged in the breath of rats and man
in a linear pattern related to dose. In the present study in rats, DCE and TRI
were found to have a very similar magnitude of uptake of the inhaled dose over
time (adjusted for differences in inhalation concentration). For instance, DOE
uptake for 100 ppm exposure for 2 hours was 10 mg/kg, while TRI uptake at half
that dose (50 ppm exposure) for 2 hours was 6 mg/kg. By contrast, total uptake
of TCE for a 50 ppm exposure for 2 hours was 8.4 mg/kg. LikeDOE, TOE has been
found to be significantly metabolized to various metabolitesin rats (Stott et
al., 1982). For the inhalation of TOE, this dose-dependent metabolism was
calculated to be saturable at approximately 65 ppm (Filser and Bolt, 1979).
Unlike .DCE and TRI, however, TOE has a relatively high blood:air partition
coefficient (21.9), which indicates that volatility is less of a factory for TCE
relative to these halocarbons. As DCE and TRI uptake were similar and both-were
lower than for TOE, it seems that the characteristic volatility of the-halocarbon
is relatively more significant to the total uptake during inhalation exoosures
than the role of metabolism.

Metabolism was a key factor, however, when considering the systemic
disposition of inhaled halocarbons as reflected by the blood levels of inhaled
TOE, TRI, and DCE. For all three halocarbon3, substantial levels of the inhaled
compounds were present in the blood within minutes after the initiation of
exposure. Each inhaled halocarbon demonstrated a rapid uptake phase that
encompassed approximately the first thirty minutes of inhalation exposure. Once
a near steady-state was achieved after this rapid uptake phase, however, a
distinct pharmacokinetic difference exists between,the three halocarbons related
to the propensity for metabolism by the compound. Near-steady-state levels for
TOE and DOE were not proportional to the inhaled concentration, while steady-
state levels for inhaled TRI were proportional to tha inhalation exposure level.
Indeed, TOE blood levels continued to increase progressively throughout the
inhalation of 500 ppm TOE, and were 25-30 times greater than in 50 ppm-exposed
rats. As DOE and TOE ae significantly metabolized and TRI is not, this
indicates that metabolism (and the saturation of metabolic capacity) is still a
very important factor in systemic disposition patterns of inhaled halocarbons.

In view of the aforementioned relitionships, an interesting finding in the
present investigation is the data involving the measurement respiratory
presentingation is the h data involvig the met.Asurentof the reiratoryelimination of the halocarbons in the rat. As in the determinations of
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a.locarbon uptake in the blood, elimination of.TCE, TRI, and DCE in the breath
increased rapidly during the first thirty minutes of exposure until a near steady
state equilibrium was reached 'thereafter. Unlike uptake-in the blood, however,
near steady'state exhaled breath levels of' all three jhalocarbons were
ro6ortional to the inhalati6n exposure concentration. This is nt surprising
when considering TRI, a halocarbon which does not undergo significant metabolism
and also exhibits linear pharmacokinetic in systemic uptake in the blood. For
both DCE and TCE, though, respiratory elimination of these well-metabolized
halocarbons remained linear to the inhaled dose regardless of disproportionate
uptake occurring simultaneously in the blood. It is apparent that the
characteristic high volatility of halocarbons is a critical factor in determining
-he relative elimination of the compounds in the rat, at least in short-term
inhalation exposures.

Determinations of elimination of halocarbons in the breath of rats has also
revealed a finding that is of significance to the interspecies extrapolation of
pharmacokinetic data from rats to humans. In addition to their structural
similarity yet definitive differences in metabolism, TCE and TRI were selected
as test chemicals in the present investigation because there is a unique
pharmacokinetic data base available for these two halocarbons in humans,
Therefore, a comparison of the previously unavailable direct measurements in the
rat in the present investigation- could be made with these pharmacokinetic
determinations conducted in' humans. A very interesting finding from this
comparison is hat the concentration of TCE and TRI in the exhaled breath of rats
was very similar to that measured in humans, adjusting for differences in the
exposure concentration employed. For TRI, there was exhaled breath data
available during inhalation exposures in humans (Nolan et al., 1984), as well as
following exposure. The exhaled breath levels after 1.5 hr of exposure to 35 and
350 ppm of TRI were 0.14 and 1.28 pg/ml, respectively. Assuming a linear scale-
up to a 50 and 500 ppm exposure (0.2 and 1.83 yg/ml, respectively), these exhaled
breath levels in humans are very similar to exhaled levels measured after 1.5 hr
of exposure in the present study in rats (0.21 and 2.16 pg/ml, respectively).
In both the human study and the rat study reported here, TRI elimination in the
breath was proportional to the exposure concentration.

Exhaled breath determinations of TOE in humans have centered on
measurements conducted following the termination of exposure. The exhaled breath
of exposed workers has been monitored for expired TOE following inhalation
exposuri as a non-invasive method for indicating the magnitude of prior exposure
to the solvent (Stewart et al., 1970, 1974). Measurements of TCE in both the
blood and exhaled breath of workers following TOE inhalation have been made in
studies of the effect of workload (Monster et al., 1976) and repeated exposure

to TCE (Monster et al., 1979) on subsequent pharmacokinetics of the inhaled

solvent. Accounting for differences in exposure concentration, the post-exposure

exhaled breath levels of TCE from these studies in humans were similar in
magnitude to the values of TCE eliminated in the exhaled breath of rats following

inhalation exposure in the current investigation. For instance, Stewart et al.

(1974) found human exhaled TCE levels of 0.70 and 0.28 ppm at 30 and 120 min,

respectively, after termination of 20 ppm TGE inhalation for 3 hrs. Scaling-down

4, the 50 ppm data in rats in the present study at these time points would yield

0.92 and 0.28 ppm, respectively. Apparently due to its relatively high

hepatotoxicity, even after brief inhalation exposure in animals, there have not
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been'pharmacokinetic determination of DCE made in humans, it is evident that
with -halocarbons for which volatility is such a critically- important
'characteristic. such as TCE and TR. 'eliminationin the breath of rats and man
follows .a similar oattern. 'These results indicate that the rat may be a
potentially'useful model for evaluating the,respiratory elimination of inhaled
volatile halocarbons in man.

Similarities in the anatomy and physiology of mammalian species make
intersoecies extranolations (i.e. animal scale-up) possible (Dedrick, 1973;
BoXPjbaum, 1984). A model developed in one species may be scaled to allow
Rrediction-of chemical concentrations in other species without the collection of
-additional experimental data. -Model parameters such as tissue volumes and blood
-lows ,.an be scaled based on allometric relationships which are functijs of
animal weight. The ability to scale physiological models validated in animals
to humans is a powerful tool to obtain oredictions of tissue chemical
concentrations in humans.

Confidence in the use of scaled animal-based models to predict the kinetics
bf chemicals in humans can be gained cnly if the animal model can accurately
predict chemical concentrations measure in the animal, the model utilized in the
present investigation nredicted blood and exhaled breath concentrations of TRI
TCE. and DCE reasonably well during and following inhalation exposures in the
rat, as determined by comparison with direct measurements conducted in studies
on thistproject. The same model was able to predict peak blood levels and theC; systemic elimination of 'TRI following oral exposure with reasonable accuracy,
indicating potential utility of the approach for the simulation of the ingestion
of halocarbons. Further, the model has been further evaluated to serve as a
reliable predictor for halocarbon tissue concentrations. Although it has
formerly been common practice to calculate risk estimates on the basis of
administered dose-toxicity/tumor incidence data, it is now recognized that the
internal, or target organ dose is a more accurate and direct determinant of the
magnitude of injury. The dose of chemical actually reaching a target organ is
dependent upon kinetic processes which may vary considerably with the
administered dose, route of exposure, and animal species. Thus, recognition and
use of pharmacokinetic data can substantially reduce uncertainties inherent in
the~route-to-species extrapolations often necessary in risk assessment (Gehring
et al., 1976; Clewell and Andersen, 1985; NRC, 1987).

9*basic tenet of toxicology is that of the dose-response relationship
(i.e., the magnitude of toxic effect is a function of chemical dose), The
concept of dose is now being refined, as it is recognized that the amount of
chemical absorbed systemically (i.e., internal dose) can vary significantly with
route of exposure and with animal species. Blood levels over time following
exposure have been accepted hlistorically as indices of internal dose, but they
often may not accurately reflect concentrations of active chemicals at local
sites of action in tissues. Thus, the most logical and precise measures of dose
are time integrals of target organ concentrations of chemicals. As alluded to
previously, there are a paucity of such data sets for VOCs, due largely to the
technical, difficulties and inordinate time involved in analysis of these highly
volatile compounds. The sensitive technique developed in the studies,presented
here (Appendix F), which allows rapid, reproducible measuremnt of different
halocarbons in a variety of tissues should be useful to generate comprehensive
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tissue dose-response data for VOCs of concern. Recognition and utilizationof
such information can substantially reduce uncertainties inherent in toxicity and
carcinogenicity risk assessments.

The PBPK model used in the current investigation accurately predicted the
time-courses of halocarbon concentrations inthe blood and tissues of rats and
dogs during and following exposure to these environmental contaminants. The
model is similar to those of Ramsey and Andersen (1984) and Angelo and Pritchard
(1984). Our PBPK model differs in that it includes a separate lung tissue
compartment and a lung:alveolar mass ransfpr coefficient, which describes the
tidirectional transfer of TCE across the alveolar membrane. It is only necessary
to alter the experimentally determined inhaled concentration and minute volume
'in order to obtain simulations of halocarbon kinetics under different inhalation
exposure scenarios. Metabolic satration, manifest by the progressive,
disproportionate increase in blood ilevels in the high-dose animals, was
accurately forecast. There was also good agreement between predicted and
observed blood and breath levels during most of the postexposure period.
Previous investigators, including Fisher et al. (1989), have had the use of very
limited experimental data sets for assessing the precision of their model
predictions. It is anticipated that a mod l thus validated will have the
following important applications: (a) psed'ction of blood and target organ
levels following inhalation and inpestion of halocarbons, in the absence of data;
(b) intersoecios extraool ations'(i.e. scale-up from small to large laboratory
animals and ultimately to man).

One of the benefits from the completion of these studies of TCE, TRI, and
PCE in this project is that there is a unique, data base with pharmacokinetic
determinations of the uptake and elimination of these two halocarbons in humans.
Therefore, the PBPK model validated in experiments in this project can then be
evaluated for its ability to extrapolate to man, using comparisons to these
previously published values for human halocarbon pharmacokinetics. Such a
validation would establish greater merit in employing the established model in
making extrapolations of pharmacokineiic data from test animal species to man,
or to predict blood and tissue levels of halocarbons in man in the absence of
experimental data.

C
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The Utipake and Elimination of l.1,l.Trichloroelhane dsiring and following Inhalation Expo-
sues in Rats DALLAS, C E., RAMANATHAN, R., MURALIOHARA. S., GALLO, J. M., AND
BRUCKNERt. J. V. (1989). Toxicol. Appi. Pharmacol. 98, 385-397. The pharmacokinelics of
1, .1-rchloroethane (TRI) was studied in male Sprague-Dawley eats in oeder to chaeacterize
and quanttfy TRI uptake and elimination by die" measueements of the inhaled and exhaled
compound. Fity or 500 ppm TRI was inhaled for 2 hr through a oneway breathing valve by
unanesthetized eats of325-375 g. Repetitive samples of the separate inhaled and enhaled breath
streams. as well as aterial blood, were collected concurrently both during and following TRI
inhalation and -analyzed for TRI by gas chromatography. Respiratory rates and volumes were
continuously monitored during and following exposure and were used in conjunction with the
phatssscokinetic data to characterize profiles of uptake and etimination, TRI was very rapidly
absorbed from the lung, in that substantial levels were present in a rterial blood at the first Sam-
pling lime (ice 2 mm) Blood and exhaled breath concentrations of TRI increased rapidly after
the initiation of exposure. approaching but not reaching steady state daring the 2-he exposures,
The blood and exhaled breath concentrations were directly proportional to the exposure concen-
tration during the exposures. Perentage uptake of TRI decreased 30-35% daring the first hour
of inhalatton. diminishing to approxi mately 45-50% by the end of the exposure. Total cumula-
tive uptake in the 50 and 500 ppm groups over the 2-hr inhalation exposures was determined to
be 6 and 48 mg/kg body wt. respectively. By the end of the exposure period, 2.1 and 20.8 mg,
resp;etively, of inhaled TRI was eliminated from rats inhaling 50 and 500 ppm TRI. A physio-
logical pharmacokinetic model for TRI inhalation was utilized to predict blood and exhaled
breath concentrations for comparison with observed experimental values. Overall, values pre-
dicted by the physiological pharrookinetic model for TRI levels in the blood and exhaled
breath were in close agreement with measured values both during and followsng TRI
inhalation. e 19$9A A.oWPMits

Research sponsored by USEPA Cooperative Agree^ 1,1,l-Trichloroethane (TRI), also known as
ment CR 812267 and the Air Force Office of Scientific methyl chloroform, has been used in large
Research. Air Force Systems Command, USAF, under quantities for decades in industry as a solvent
Grant Number AFOSR 87-0248, The U.S. Govern- and metal degreasing agznt. Other applica-
mint's right to retain a nonexclusive royalty-free licens tions includf its use in adhesives, spot remov-
in and la the copyright covering thit paper, for govern- ers, aerosols, and water repellents.,The toxic-
mental purposes. is acknowledged.

I Presented at the 26thsAnnual Metingofthe Society ity of TRI is considered to be of a relatively
of Toxicology, Washington, D.C. February 1987. low order of magnitude, with depression of
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and Rowe,J 98 1; Kleinfeld and Feiner, 1966; sumed constant uptake of 60% of inhaled
Stewart, 1 968) and cardiac aribythmias (Dor- TRI over 6 hr of exposure.
netteand Jones, 1960; Reinhardt etal..1973; Therefore, an objective of the current in-
Herd et aL, 1974) the major effects seen after vestigation was to provide accurate measure-
high doses in animals'and humans. Hepatic meats; of the respiratory uptake and elimina-
and renal-toxicity have been demonstrated ion of TRI during inhalation exposures. In-
only after ery high acute doses in animals haled and exhaled breath concentrations
(Plaa and-Larson, 1965; Klaassen and Plaa, were monitored at frequent intervals in rats
1966, 1967; Gehring, 1968). Historically, hu- both during and following TRI inhalation, as
man exposures to TRI have been of greatest were the minute volume and respiratory rate.
significance in industry and other occupa- Blood levels of TRI were monitored concur-
tional settings, where exposures are primarily rently, so systemic uptake and elimination
by inhalation.,Workers are routinely exposed could be correlated with the respiratory mea-
to TRI vapors in open or closed (i.e., recircu- surements, The exhaled breath and' blood
lating)work environments. Employees may TRI concentrations were then utilized to
be inadvertently eAposedto high concentra- assess the accuracy of values predicted
tions when there has been a spill or equip- by a physiologically based pharmacokinetic
ment malfunction, model for TRI inhalation.

Studies of the pharmacokinetics of inhaled
solvents such as TRI are playing an increas-
ingly important role in toxicology. Knowl- METHODS
edge of the uptake, disposition, and elimina-
tion of these chemicals is quite useful in Animals. Adult. mate Sprague-Dawley rats were ob.
health risk assessments. There is presently lit- tained from Charles River Breeding Laboratories (Ra-

a ileigh, NC). The animals were maintained on a constanttie kinetic data available involving direct light-dark cycle, with light from 0700 to 1900 hr and
-measurements of TRI in laboratory animals darkness from 1900 to 0700 hr. They were housed in
during inhalation exposures. The fate of "C- stainless-steel cages in a ventilated animal rack. Tap wa-
TRI has been investigated following the ter- ter and Ralston Purina Formulab Chow were provided
mination of single 6-hr ISO or 1500 ppm in- adibitumTheratswereusedafteratleasta 14-dayaccli.
halation exposures in rats and mice (Schu- mation period, at which ttme they were approximately

12 weeks old and their body weight ranged from 325 to
mann el a, 1982a). By 72 hr postexposure, 375 g. Solventexposureswereinitiated atapproximately
87-98% of the tptal recovered radioactivity the same time ach day(1000 to 1200 hr).
was eliminated as unchanged TRI in the ex- Test material, 1.ll.Trichlorethane, 98.3% mini.
pired air. Respiratory elimination and me- mum purity, was obtained from J, T. Baker Chemical
tabolism of TRI remained approximately the Co. (Phillipsburg, NJ). The punty of the chemical during

t he conduct of the study was venfied by gas chromatogra-
same after TRI inhalation exposures were re- phy to be slightly less than 99%.
pealed 5 days/week for 18 months (Schu- Animal preparation, An indwelling carotid arterial
mann el al.. 1982b). The fraction of the total cannulawassurgicallyimplanted intoeach animal. The
inhaled dose which is eliminated during on- rats were anesthetized for the surgical procedure by im

g inh n jection of 0 8 ml/kg of a mixture consisting of keta.
going inhalation exposures, howeveri as not mine HCI (100 mg/ml) acepromazine maleate (10 mg/
been delineated in laboratory animals. Like- ml):xylazine HCt (20 mg/ml) in a proportiCn of 3:2:1 (v/
wise, the rate and magnitude of uptake have v/v). The cannulated animals were maintained in a har-
not been quantified over time during the riess and pulley system that allowed relative freedom of

course of TRI inhalation exposures in ani- movement in metabolism cages during a 24-hr recovery
period,

mals. It was necessary, for example, for Schu- Inhalation exposures, Each cannulated rat was placed
mann et a! (1982a) to base estimates ofphar- into a restraining tube of the type used in nose.onlyinha.
macokinetic parameters for rats on an as- lation exposure chambers (Battelle-Geneve, Switzer-

-
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Firo. I. Schematic diagram of the inhalation exposure system. An unanesthetized rat in She restraining
tube inhaled TRl through the one-way breathing valve attached to the face mask. 'lRt was inhaled from
the influ~nt mixture gas sampling bag and exhaled into the effluent reservoir bag'. Inhaled and exhaled
breath samples were takens from their respe'ctive ampling ports and arterial blood samples from an indwell.
mng eattnula. The rate and " stume of respiratiots were monitored on a phsysograph. For sake of clarity. the
breathing valve. gas sampling bgs. and other components are not drawn to scale.

land). A face mask designed to fit the eat was held firmly three-way connector, She breathing valve, and an empty
in place on the animal's head by the use of elastic straps. 10-liter gas collection bag (Fi'g. I). The latter bag served '

vhich were secured'to the restraining tube. A miniaturo as a reservoir to collect exhaled g.as.NThereby, a closed
iced one-way breathing valve (Hans Rudolph. Incn, St. system was maintained to prevent release of the agent
Louis MO) was attached to the face mask so that the into tlhelaboratoiyTRl inhalation exposures were initi-
valve' entry port was directly adjiacent to the nares of the ated only after stable bisathing patterns were established
test animal.The' dead siiace of the valve wasf0,5 t'xi The for t he ca'innulated animals in the system. Ju st bCore t he
valve was designed s that the negative pressure gene, initiation of exposure, the solvent vapor was firt'drawn

aed by the animal's ispraton ulled the inhalation da. out of the gas sampling bag by ax air pump attached to
phaga open ad the exhalation daphragtm closed thethreewayconnector nthlsmanner.theaimalwas4
against its seat. Upon enpiration. the positive preasure assured of being subjected at the very start of the expo-
generated within the device pushed the exhalation dia- sure to a TRI concentration equivalent so the target con-
phragm open "and. he inhalation diaphragm cl6sed centrasion in the bag, without significant dslution from
against its seat. This established separate and distinct air- dead space air in the system. The test animals then were
ways for the inhaled and exhaled breath streams with no subjected to 2-hr TRl inhalation exposures. During this

significant mixing of the inhaled and exhaled air. The use period and for up to 4 he afterward, inhaled and exhaled
of such a de' ice for pharmacokinetic studies of inhaled breath samples were taken from the sampling ports at
halocarbons in small animals hasbee~n described in detail approximateiy the same time as blood samples from the
(Dallas el a?. 1986), Inhalation and ex.halatiirn sampling carotid artery caninula, Both ale and blood samples were

ports were ocated immediately adjaecnt to the breathing then analysed for TR[ consent by gas chromatographsy.
valve. A known conre¢ntration of TRl was generated qespiratoryt mgasnremotest and eakeualsons, Theres-
within a 1i0-liter gas sampling bg (Calibrated Instra- piration of each animal was continuously monitored. r

ments Ardsley, NY) by injecting the appropriate qrian- The respiratory monitormg was conducted aecording to .

tity of the test chemical into the bag filled with air Uni. the methods previously used in solvent exposure studies
form disprsiaon of the vapor was ensured by a magnetic by thislaboratory (Dallas eto.lI993, 1986). The airflow

stirring bar within she bag. The bag was then concreted created by the animal's inspiestion was detected by a
in series by Teflon tubing with a pneu~motachograph, a pneumotachograsph located in the inhaled airstream he-

It
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tween the influet bag and the breathling valve, The sig- 4.
nal from the pneumotachograph &Aapcopanying
transducer wasemployedinrecordingthe number ofres- i

pirations perominute (f) in one'channel of, a physio-
graph.This signal was then intergrited over a I-min in-
terval to yield the volumne of respiration per minute, or
minute volume (Vr). A value for the average tidal vol-
ume(VI) during that I-min interval was determined by urs.
dividing VE byffor that minute. An average value for
these parameters for individual animals was obtained by
averaging the measurements taken t l0em-n intervals
during the 2.hr exposure. The mean -SE of these values
for the 500 p lm exposure group (n - 6) were VE a 236.3
t 22.9 ml/min f - 135.3 t 6 6 breaths/min; and Vi
" 1.74 : 0.18 ml. The meant SE ofthese values for the
50 ppm exposure group (nwa 6) were VF - 252 t 14.7
nl/min:f- 129.5 ± 13.5 breaths/min: and VT - 1.96 ol
± 0,1 ml.

Since the Vand theTRI exhaled breath concentration
at each sampling point were measured, subtraction of the
quantity of TRI exhaled from the amount inhaled
yielded an approximation of the quantity of TRI taken
up each sampling period (cumulative uptake, or Q, FIG. 2. Diagram of the physiologically based pharma-

" (Cw,, Vet) - (Ca l'et) (I) cokinetic model used to simulate the uptake and elimi-
nation of inhaled TRI.The symbols and parameters used

where C. is the inhaled concentration: VE and C,% are to describe the model are included in Table I and in the
the minute volume and exhaled breath measurements, equations given under Methods.
respectively, made at each time point: and i is the interval
of time between sampling points (every 10mm for Q,,).
The successive Q values are summed to determine cu.
mulative uptake over the 2-hr exposure. W C. )X 100W

Determination of the cumulative elimination of TRI % Upt -(3)
during inhalation exposure was made as a function of
the Q. and measurements of the inhaled dose. In their where the TRI alveolar concentration is C,- C.4N. in
calculation of exhaled breath concentration. Ramsey which C. is the measured TRI arterial blood level and
and Andersen (1984) assumed that alveolar respiration Nis the blood-air partition coefficient forTRI;
accounts for 70% of total respiration, with 30X of total A' physiologically based pharmacokinctic (PBPK)

respiration delegated tothe inhaled air that does not par. model was used to describe the disposition of TRI in the
ticipate in alveolar ventilation. By adding instrumental rat (Fig, 2), It was assumed that a blood flow-limited
deadspace of the breathing valve in the exposure system model was adequate to characterize the tissue dsstnbu-
in the present study to this assumed physiological dead tion of TRI, Compartmental volumes and organ blood
space, a value of5O% oftota respiration wasassigned to flows were obtained from the literature (Gerlowski and
alveolar ventilation. Therefore, cumulative elimination Jain, 1983; Ramsey and Andersen, 1984) and scaled to
(Q..JofTRI was estimated by 340 g, the mean body weight of rats used in the present

study. Partition coefficients and the metabolic rate con-
stant forTRI were taken from Gargas etal (1986,1989),

%herethealveolarventilationis V 0w - 0 Vgandtisthe except for the richly perfused tissue blood and lung:
timeinterval between sequential samplingofthe exhaled blood partition coefficients which were assumed to be
breath. As for Q., with sequential determination of the same as the liver.blood partition coefficient, The
Q, ,. it is possible to measure the cumulative elimination lung:air partition coefficient was then derived by multi.
ofTRI duringinhalation exposures. The sucessive elim. plying the blood air coefficient from Gargas et At. (1986)
inationofTRI following exposure was calculated as Q, by the lung.blood coefficient. The alveolar~lung mass
- CAV.t transfer coefficient was estimaied from the value used for

The percentage uptake (% Upt) of the total inhaled methylene chloride (Angelo and Pritchard, 1984).
dose at each successive time point during the inhalation Differential mass balance equations, incorporating the
exposure period was calculated as parameters listed in Table I. that described the transport

Ii '
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TABLE I ,r. -- gas-tight. ittm syringe and injected directly onto an 8 ft
X i in. stainless-Steel column packed with 0.1% AT 1000

PARAMIERSFORTHE PHYSIOLOICAL on GraphPak. Standardsvwere prepared in each of four
PHtARI.IACOKIN5TIC MODesLoPTRI lIrTHE RAT(340g) 9-fiter standard bottles with Teflon stoppers containing

- needles used for taking the air samples with the syringe.
I'aaniterVal"e opeiaiing temperatures' were 150*C, injection port:

Alveolar senittion rate 126 (50 ppns esosure) 20)0'C, FD detector 350'C, LCD detector,~ and I 10*C.
(mt/mint. VR, 118 (500rppm exposure) isothermal column operation. When using the LCD. gas.-

Inhaed as onenirtiu 027 (5 prm eposre) flow ratea of 40 mI/min were employed for nitrogen (car.
(.9111MC_ .70 500ppmexpoure rir gas), with an additional miakeup gas flow rate of 30
(uO/it).C.~ .10 SO~rmeotusur) rl/miti to the detector.

Btuudiorus(il/min) .TRI levels in the blood were measured by GC head.
Cardiac output. Q, 1064 space analysis. Blood samples were withdrawn from the

i'a., 9.4 arterial cannula via a stopcock by a I-mI syringe. De-

Lrre. Q.9 pending on the anticipated blood concentration, be.
Muhlpfsete .Q , tween 25 and 200 WI of the blood was taken from the

Tisulcuesed.Q 4 stopcock with an Eppendoef pipet and transferred to

aloud, It, 2$A chilled hcadstsace vials (Perkin-Elmer, Norwalk, CT).
171.1"50 These vials were rapped immediately with PTFE-ltsed

Liver. 1" 13 6 butyl njibberseptaaod washers andtigtlyrimped. Each
Muscle, t'. 2400 sample vial was then Placed into the HS-6 autosampler
Richty petused, t1, 170 unit of aSlGMA 300gaschromatograph (Perkin-Elmer,
Alveolar. V, ~ 2.0 Norwalk, CT), where it was heated to W0C by a high.
Lun it.' t precision thermostat device, A Predetermined volume of

iaton coefficients the vapor was then injected automatically into the cot-
Luro.atr.R. $6umin for analysis, Standard solutions were made and s,
Fatlnod R, 4V. sayed by dilutingcalculated amounts ofpure TRl in tolu-
Livr tlood. Rn 1.49 ree transferring to vials, and analyziog as previously de.
Lunblood. A ~ 1,49 scribed. The concentration of TRI in the blood samples
Rktusctrflood boo, .4 was then determined from a standard curv generated
Iecl,etue lo. 1 from blood that was spiked with these standard solutions.

It, The column used was an 8 ft X Iin. siainlesteel ol-t
Lumcautosntaini umo packed with FFAP Chromasath W.AW (80-100

%unsiliotms ffCcmtlnt.n mesh). Operating temperatures were 200'C. injection

Nleiahelicrie 0.1 IS min*i Port: 350*C. LCD detector. and VSC. column oven.Thie
consunt. K, carrier gas wat 5% argon-methane, at a flow rate of 40

milmis with a makeup gas flow rote of 20 ml/mis lathe
detector.

of TRl in the rat were numerically integrated with the
Advanced Continuous Simulation Language (ACSL) RESULTS
computer Program (Mitchell and Gauthier. Concord.
MA). The solutton to the equations provided predicted
TRl concentrations over time. The model-predicted CU. The target concentrations for the TRI in.
mulalive uptake values were the sum of the simulated halation cxposures were 50 and 500 ppm.
amouints of TRl in each tissue compartment in the The starting concentration of TRI in the bag

modl, f RI s ir ndblod. heconenraton from which the test animal inhaled the test

of TRI is the inhalrd and exhaled air samples collected compound W, s measuredjust prior to the ini-
durngand folowingthe inhalation exposres weemea. tiation of each exposure. TRI bag concentra-
sured with a Tracor NIT560 gas chromatograph (OC) lions were 515,8 ±t 20.6 and 53.6 ±t 2.2 ppm
(Tracor Istrument& Austin. TX). Analyses for the 500 (.Zt SE) for the 500 and 50 ppm groups, re-
ppmn esposureswere conducted using a flamionization spcieyThatulon nrtosihld
detector (FID). while the analyses for the 50 ppm e po- sp tie.Thaculonertosihad
sures were conducted using an electron capture detctor by the animals were determined by measure-
(LCD). In either case, air samples wiere procured with a ments of air samples taken from the airway
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FiO, 3. Obsered (*)and model-predicted (-)TRI concentrations in the blood (top graph) and exhaled
breath (bottom graph) of rats during and following a 2-hr $0 ppm inhalation exposure, Each point repre.
sent$ the mean malue for sir, rats,

immediately adjacent to the breathing valve. ymptotic, in that they gradually increased
Inhaled TRI concentrations for the six rats in throughout the remainder ofthe 2-hr inhala-
each group were 491.6 ± I I ppm for the 500 tion period. An increase in the inhaled con-
ppm exposures and 51.2 ± 1.2 ppm (R± SE) centration from 50 to 500 ppm produced an
for the 50 ppm exposures. equivalent (i.e., 10-fold) increase in the ob-

TRI concentrations in the blood and ex- served blood and exhaled breath concentra-
haled breath of rats during and following in- tions of TRI. Upon cessation ofTRI inhala-
halation of TRI.are shown for 50 ppm expo- tion, the chemical was rapidly eliminated. As
sures in Fig. 3 and for 500 ppm exposures in can be seen in Figs. 3 and 4. TRI concentra-
Fig. 4. Concentrations of TRI in the exhaled tions in the exhaled breath initially dimin.
breath generally paralleled concentrations in ished more rapidly than did blood concentra-
the arterial blood, though some differences tions. Disappearance of TRI from the blood
were noted, TRI was rapidly absorbed from paralleled that in the expired air during the
the lungs and readily available for distribu- latter part of the postexposure period.
tion to tissues of the body, in that arterial PBPK model-generated blood and exhaled
blood concentrations of TRI were quite high breath concentrations of TRI are shown as
at the first sampling time (i.e., 2 min). After solid lines in Figs. 2 and 3. Concentrations of
an initial rapid rise, the blood levels increased TRI in the expired air were well simulated by
steadily but did not reach steady state by the the model during and following the 50 and
endofthe2-hrexposures. Exhaledbreathlev- 500 ppm exposures. Model predictions that
els increased even more rapidly than blood TRI levels in the exhaled breath would
levels after the initiation of exposures, attain- quickly reach near steady state after the expo-
ing near steady state within 10 to 15 min. The sures began were consistent with the Qbse'rved
exhaled breath versus time curves were as- data, with the observed levels sligily lower
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MtO. 4. Observed () and model-predicted (-) TRI concentrations in the blood (top graph) and exhaled

breath (bottom graph) of rats during and following a 2-hr $00 ppm inhalation exposure. Each point repre-

sents the mean value for six rats.

than simulated levels over the course of the period. As can be seen in Fig. 5, the mean val-

50 and 500 ppm exposures. The model accu- ues after 10 min are slightly but consistently
rately predicted both rapid and slow elimina- lower in the 500 ppm group.
tion phases of expiration of TRI postexpo- Plots of cumulative uptake of TRI during
sure. When the model was used to describe the inhalation sessions, as calculated by Eq.
the time course of TRI in the arterial blood,
a relatively good fit was obtained during the 100

500 ppm exposure (Fig. 4). Arterial blood 00 *-. 50 PPM
concentrations were overpredicted by ap- i 80 n. 500 PPM

proximately 20% during the 50 ppm expo- w 70

sure (Fig, 3). The model predicted a slightly 0. . I
more rapid decline in blood levels postexpo- 5 50
sure in both groups than was observed during z 4o
the period of 130-200 min, but levels at sub- U 3o
sequent time points were accurately pre- 0 .o
dicted. :0

Percentage systemic uptake of TRI ap- 0
peared to be both concentration- and time- 0 00 en t to 10 o

IME OF EXPOSLRE (MIN)
dependent (Fig. 5). Although percentage up-
take was quite high during the initial minutes no. 5. Percentage uptake of rRt dunnginhalation ex-

of inhalation of 50 and 500 ppm TRI, a de- posures, Rats inhaled 50 or 500 ppm TRI for 2 hr. Each
point represents the mean t SE for six rats The percent.

crease of 30-35% occurred during the first ageuptakeofthemnhaleddoseoertimewasdetermined
hour. Percentage uptake diminished more after 1,3.5, 10, IS,and20mmnandat O-mminmtervals

slowly during the remainder of the exposure thereafter.
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20 ,, . nation. as deternined by Eq. (2), was propor-
o-o 500 op tional to the inhaled concentration. By the
• --* so p p. end of the 2-hr exposure to 50 and 500 ppm

LIIt TRI. 2.1 _4 0.2 and 20.8 ± 3.0 mg (.F± SE),
.7 / respectively, were eliminated from the rats in

0. .- the exhaled breath. Model-predicted elimina-
tion at the end of 2 hr in the 50 and 500 ppm

5- groups was approximately 40 and 50%
greater, respectively, than these measured
values. Following the termination of expo-
sure, TRI was eliminated in the exhaled

0 breath in progressively smaller quantities, as
6o io 120 reflected by postexposure plateaus in the

TIME OF EXPOSURE(MIN) elimination curves. During the 2-hr postex-

FIo. 6 Cumulaaise uptake of TRI during inhalation posure period;,an additional 0.3 and 3.3 mg
exposure.RatsinhaledSor500ppmTRI for2hr.The of TRI were eliminated from the animals in
quantity of inhaled TRI retained during successive 1O-
min intervals was calculated on the basis of the measured the 50 and 500 ppm exposure groups, respec-

minute volume and difference between inhaled and ex. tively.
haled TRI concentrations, Each point represents the
mean =SE for six rats The diminutive SE bars are omit- DISCUSSION
ted from the $0 ppm values for sake ofclarity.

Pharmacokinetic studies are playing an in-
creasingly important role in toxicology and

(I), are shown in Fig. 6. Cumulative uptake,
as determined from direct measurements of
the minute volume and TRI concentrations o

in the inhaled and exhaled breath, was not .
linear in either the 50 or 500 ppm animals. zThe departure from linearity was more ap- 0

parent at the higher exposure level. Total cu-
mulative uptake during the 2-hr exposures, as "

ascertained from the direct measurement -
data, was 2.2 ± 0.2 and 16.7 ± 0.9 mg (.V 1 _/A/

1

± SE) in the 50 and 500 ppm groups, respec-
tively. Predicted values for uptake, derived by S
summating the predicted levels of TRI in the Q .
model compartments, were significantly less 0 t o ins 2;0

than these measured uptake values (i.e., afler TIME (MIN)
2 hr exposure to 500 ppm TRI, predicted up- lo. 7. Cumulative elimination ofTRI dunng and fol-
take was 50% of measured uptake), lowinginhalation exposures. Ratsinhaled 50 or $00 ppm

Cumulative elimination of TRI in the ex- TRI for 2 hr. The quantity of inhaled TRI eliminated in
haled breath during and following inhalation the breathoiertume wascalculated usingdirect measure-
exposure is shown in Fig. 7, During TRI ex- ments of the minute volume and TRI concentrations in
posure, TRI in the pulmonary blood and TRI the inhaled and exhaled breath, Each point is the mean

± SE for six rats. Cumulative elimination was deter-not absorbed from the alveolar space each minedforsuccessive 10-mis intervalsdunngthe2.hrex-
contribute to the TRI eliminated in the ex- posure. and for succesie 15-mim intervals postexpo-
haled breath. Cumulative pulmonary elimi- sure,

~ K
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in health risk assessments (Clark andoSmith, approach allowed us to directly monitor res-
1984; Clewell and-'Andersen,'1985; NRC, piratory uptake and elimination of TRI, a
1987). Unfortunately, there is relatively little VOC for which pulmoiary clearance is the
information available on the uptake anddis- major route ofelimination. Indeed by the end
position of TRI and many other VOCs dur- of the 2-hr 50 and 500 ppm inhalation expo-
ing ongoing inhalation exposures. Most phar- sures, we determined that 52.5 and 56.3%, re-
macokinetic siudies of TRI have focused on spectively, of the inhaled dose had been ex-
theelimination of the chemical and its me- haled.
tabolites following the cessation of exposures Percentage uptake of inhaled TRI was
(Stewart et al.. 1969; Ikeda and Ohtsuji, highly time-dependent. The percentage up-
1972; Eben and Kimmere,:1974; Seki et a., take of inhaled TRI has apparently not been
1975; Holmberg et al., 1977; Caperos eta., previouslydetermined in laboratory animals.
1982; Schumann et al., 1982a,b). Although Schumann et al, (1982a) assumed that 60%

Schumann et al. (1982a) utilized rats with an of inspired TRI was absorbed by rats
indwelling jugular cannula, just three blood throughout a 6-hr exposure. The rate of
samples were taken and analyzed for TRI transfer of TRI from alveoli to blood should
content during a 6-1 inhalation session. initially be very rapid, but become progres-
Similarly, blood levels appear to have been sively slower as the chemical accumulates in
taken for TRI analysIs only three times from the blood and tissues. This pattern was re-
human volunteers during 6 hr of TRI inhala- flected by the time course of systemic uptake
tion (Nolan et al, 1984). These few time ofTRI in thecurrentstudy, where percentage
points are not sufficient to accurately define uptake decreased from more than 80% at the
blood concentration versus time profiles, or beginning to less than 50% at the end of the
to recognize changes which may occur in 1I- 2-hr exposure. Initial uptake of inhaled TRI
netics during the course of exposures. is governed by tissue loading and metabo-

The monitoring of blood and breath levels lism. Once the tissues have reached steady
of VOCs in animals has been primarily re- state, continued uptake will be dependent
stricted to times after termination of expo- upon the rate of metabolism of the chemicals.
sures, due to problems involving restricted Since TRI is very poorly metabolized by the
access to subjects in inhalation chambers and rat and by humans (Ikeda and Ohtsuji, 1972;
metabolism cages and technical difficulties in Schumann et al., 1982a; Nolan et al., 1984),
working with small -animals. In the present percentage uptake would be expected to be
study we have utilized a technique which al- very low once steady state was reached.
lowed direct, simultaneous measurements of Steady state was not reached in our study, as
respiratory parameters, inhaled and exhaled percentage uptake progressively decreased
breathconcentrationsofTRI, andTRIblood over the 2 hr of exposure. Monster et al.
levels in unanesthetized rats during expo- (1979) found that percentage uptake of in-
sures. The separation of the inhaled and ex- haled TRI by humans decreased rapidly from
haled breath streams, by use of a miniatur- approximately 95% at the onset to 30% at the
ized one-way breathing valve, facilitated ac- end of 4-hr exposures. Nolan et al. (1984) re-
curate serial determinations of airflow and ported that human volunteers exposed for 6
TRI concentrations in the inhaled and'ex- hr to 35 or 350 ppm TRI retained about 25%
haled breath. A similar nonrebreathing valve of the chemical to which they were exposed.
has been used previously for assessing respi- The greater percentage uptake in rats than in
ratory volumes and gas exchange (Mauderly humans is consistent with a higher TRI
et al., 1979), though it has apparently not blood:airpartitioncoefficientandgreatercar-
been used in pharmacokinetic studies. This diac output/pulmonary blood flow in rats

• ? • g-,,• • =
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than in humans (Reitzua L )._SmcsS- in humans would be 02 and 1.33 pg/mL
lemic uptake ofTRl is iimrdF e nL a¢-r- Thsealuesarquiteco , pa ble exhaled
age %vaues of percentage uptake for short in- breath leves measured inlte preset study
ter-.-lsmaybemisleadingandhave litterele- after 1.5 hrofexposure ofraisto 50 ind- jfl
vance for healh risk assessments. ppm TRI (ie. 0.21 and 2.16p IWLrespec

TRI exhibits linear kinetics over a Aide tivdy). The similarity in magnitude in ex-
dosage range. Exhaled breath levels and haled breath levels of TRI between rits and
blood levels of TRI 1-re directly propor- manisanunexpectedfinding.Itwouldbean -

tioal to the inhaled concentration (Le.. 50 ticipated that alveolar and presuti" ly ex-
and 500 ppm) ofTRI throughout the 2-hr ex- haled breath concentrations ofTRI i-uld be
posuresinthecurrent study.Similarfindings lower in rats than in man, due to the rat's
were reported in humans exposed for 6 hr to higher blood:air partition coefficient and
35 and 350 ppm TRI (Nolan et al. 1984). greater percentage uptake ofinhaled TRI.
Schumann et al. 11982a) found that the The aforementioned physiological param-
amount of TRI exhaled by rats and mice in- cters and bochemical constantswere used to
creased eight- 'to ninefold when the inhaled input into a PBPK model for inhalation of
concentration ofTRI was increased from 150 TRI. Our model accurately predicted the
to 1500 ppm. These investigators also ob- timecoursesofTRlinthebloodandexhaled
served that blood levels, tissue levels, and breath of rats both during and following ex-
body burden of "C-TRI were each propor- posure to 50 and 500 ppm TRI. Cumulative

.tional to xposure level in both species. Al- uptake oer the 2-hr exposure, however, wvas
though TRI was poorly metabolized, Schu- underpredicted by our model. The soure of
mann et aL (1982a) demonstrated that its the discrepancy beti'en the predicted and
biotransformation by mice and rats was a the measured uptake value is unclear. Revi-
dose-dependent, saturable process. Meta- sions of the model may be warranted by find-
bolic saturation in rats was believed to occur i
between 500 and 1500 ppm, if not near 500 sin tiongongstudiesofTRlconcenttions
ppm. Metabolic 5aturation, however, had lit- in tissues of exposed animals. These data
tIe apparent effect on the overall pharmacoki- should be useful in verifying tissue:blood par-

netics of TRI, since biotransformation was a tition coefficients, tissue compartments, and
minor route of elimination. The kinetics of tissue volumes. Reitz et at (1988), for exam-
TRI is governed largely by its partition co- pIe, found that most of the changes in the
efficients (e.g., blood:air, tissue:blood) and pharmacokintics of TRI in older rats could
the physiology (e.g., respiratory rate and vol- be accounted for by increasing the size ofthe
ume, cardiac output, tissue volumes, and fat compartment in theirPBPK model. Reitz
blood flow rates) ofthe animal. et a. (1988) used their model to accurately

The major route of elimination of TRI in predict blood and exhaled breath concentra-
laboratory animals and in man is exhalation tions measured in humans subjected to TRI
of the parent compound (Schumann et al.. inhalation exposures. The investigators also
1982a; Nolan eta!.. 1984).Nolanandhiscol. utilized the PBPK model to predict TRI
leagues measured TRI in the exhaled breath blood levels and amounts metabolized post-
of male human volunteers during and after exposure in mice, rats, and humans, as well
6-hr inhalation sessions. The exhaled breath as to describe the kinetics of TRI in rats after
levels after 1.5 hr of exposure to 35 and 350 iv injection, bolusgavage, and drinkingwater
ppm TRI were 0.14 and 1.28 pg/ml, respec- administration. Thus, it appears that PBPK
tively. Assuming a linear scaleup to a 50 and models can be quite useful in predicting the
500 ppm exposure, the exhaled breath levels time course of TRI concentrations in the

mn.l
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body of different species under difrfeitix- inhalation exposure. when significant loading
posure conditions. oftissu is occurring. Once tissue loading is

Major species diffeirthces have been ob- completed (i.e. steady state is reached). vey
served in the pharmacokinctics of inhaled little uptake of TRI should occur because of
TRI. After 1.5 hr of exposure to 35 or 350 the poor metabolism of the chemical. Thus.
ppm TRI. humans haa mean blood levels of the common practice of assessing dose by
0.14 and 1.62 g&.ml. rspectively (Nolan a mtltiplying ventilation rate by inhaled con-
al. 1984). After being normalized for differ- centration iould be very misleading during
levels in rats in the present investigation %%ere of target organ dose or tissue exposure would

approximately 3.6-frd h.&her than the levels be the area under the tissue concentration
measured in humans Schumann et aL *ersus time curve. The concept and rationale
(1982a) reported blood levels of TRI in rats for selection of appropriate target organ dose
similarlo those obscid in the present study measures (i.e.. tissuedosimetry) arediscussed
(when normalized for inhaled concentra- in detail by Andersen (1987). It is important
tion). The lower blood levels in humans are that target organsand mechanismsoftoxicity
consistent with a lower TRI blood:air parti- be elucidated, so that the agent(s) responsible
tion coefficient for man (2.53 versus 5.76 for for toxic effects are identified and can subse-
rats) and the greater adipose tissue volume in quently be quantified and correlated with the
man (23.1% erst:s 11% in rats). In a compar- magnitude oftoxicity in the target tissue(s). It
ison with the normalized data of Schumann is not clear for TRI whether the parent com-
et al. (1982a), Nolan et al. (1984) noted that p ound or its metabolites should serve as the
blood levels in mice and rats inhaling TRI dose measure. orsurrogate. Nesr-lthal expo-
were 17.3 and 3.5 times higher, respectively, sures arc required for effects on most target
than those measured in humans. When deter- organs. Carcinogenicity bioassays have been
mining the actual inhaled dose at equivalent negative, or inconclusive. Reitz et aL. (1988)
inhaled concentrations, one must consider decided to use the average concentration of
the wide variation in volume of respiration, TRI in the liver over a lifetime (ACL) as a
and body -weight betccn species. Assuming dose surrogate. These imestigators used a
a4.2 liters/min alveolar entilation and 70 kg PBPK mndel to calculate AC..s for compari-
body wt for man (Ganong, 1979). the rats in son of intemal doses received by mice and
thepresentstudyreceivedaninhaleddoseap- rats in long-term toxicity studies versus hu-
proximately six times greater than that of the mans drinking TRI-contaminated water.
humans in the study by Nolan el al. (1984). Unfortunately, there is a paucity of data on
Nolan and his colleagues determined follow- actual concentrations of TRI in the liver and
ing a 6-hr exposure to 150 ppm TRI that otherorgans. Direct measurement studies are
mice, rats, and humans metabolized 0.16, needed to generate tissue concentration ver-
0.06, and 0.014 pmol/kg/ppm. respectively. sus time data sets for rigorous validation of
Thus, mice and rats should be more suseepti- PBPK model predictions of dose surrogates.
ble than humans to TRI toxicity at equiva-
lent inhaled concentrations, due to signifi- APPENDIX

cantly greater systemic absorption and me- Mass Balance Differential Equationsfor
tabolism of the chemical. Physiological Phannacokinetic Model*

Meaningful health risk assessments require IArterial Blood
a careful selection of the measure of dose. in
the present study systemic uptake of TRl is V-' --Q, 1 - c\.
measured directly during the initial phase of di R j
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lVenous Blood '-the other symbols. 5aQ) =I for t 4 120 n
and 0 for t> 120 min.

1'.dC__ Cu Cm
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Physiological Psannacokinetic Modeling of Inhaled Ti ctloroettiytene in Rats. DALL"S C. E.,
GALLO. J, M.. RAMANATHAN. R. MURAUDIIARA. S. AND BRUCKNER. J. V. (1991). TovrioI.
,lppI. Pharmacol. I I0-; Thn. le pharmnacokinesics of ttichloroettylene (TCE) was char.
acterized during and following inhalation exposures of male Sprague-Dantcy rats. The blood
and exhaled breath TCE time-course data were used to formulate and asses the accuracy of
predictions of a physiologically based pharnsacokinetic, (PiK) model for TCE inhalation. Fifty
or 500 ppm of TCE wins inhaled bynunesthestized rats of 325-375 g for 2 hr through a miniatured
one-way hreathing valve. Repetitive samples of the inhaled and exhaled breath streams. an well
as arterial hlood, were cottected concurrently during and for 3 hr following the exposures and
analyzed for TCE by headspuce gas chromatography, Respiratory rates and volumes were con-
tinnousy monitored and used in conjunction with the phartnscokinetic data to delineate uptake
and elimination profiles. Levels of TCE in the exhaled hreath attain ed near steady-state soon after
the beginning ot enposures. and were then directly proportional to the inhaled concentration,
Exhaled breath levels of TCE in rats were similar is magniitude to values previously pulished
for ICE inhalation eoposures offhumans. Levels of TCE in the blood'of the S0 ppm-exposed
anitrals also rapidty approached near steady-state. but blood levels in the 500ppm-esposed animals
rose progressively. reaching concentrations 25. to 30-fold higher than in the 50 ppm grooptdunng
the second hour of exposure. The 0-foald increase in inhaled curscinton resulted in an 8.7.
fold increase in cumulative uptake. or total absorbed dlose. These findings ofrnontinearity indirate
that metabolic saturation ensued during the 500 ppim enposure. The PB-PKC model vran chairac.
tmied as blood lo-limited with TCE eliminated unchanged is the exhaled breath and by saturable
liver metabolitm, The nptake anid elimination profiles %ere accurately simulatedhby the PB-t'K
model for both the 50 and $00 ppim TCE exposure levels. Such a mondel may be quite useful in
risk assessmenuin predicting internal ti e.. systemically absorbed) doxsofTCEand othervolatile
organics under a variety of euposur scenarios. 0 ito Arusrw hon tic

Trichloroethylene (1.,2-trichloroethylene
'Thit research was sponsored by U.S, EP t CooMer TCE) is a voltile organic comspound (VOC)

alive Agreements CR 812267 and CR 816258 and by which has been widely used as a surgical an.
the Air Force Office of Scientific Research. Air Force
Systems Command. USAF, under Grant AI'OSR 87. esthetic, fumigant. extractant in food process-
0248, The U.S. Government's right to retain a nones. ing. metal degreaser. dry cleaning agent, and
dative royalty-free license in and to ihe copyright coo- solvent in other Commercial applications. It
eningtbispaperforgvenmenal purpose. isacknowl has been estimated that of3.5 million persons
edged,.eivdt eocptinlyepsdt C

I resented in pain al'the 26th Annual Meeting of she blee ob cuainlyepsdt C
So;ctyoflToxicology. Washington, DC. Febniary. 1987, int the U.S., at least 100,000 workers are ex-

tTo whom correspondence should be addressed, posed full-tie, and that two-thirds of these
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are in work environments where there are not profiles are increasingly limited by the ethical
adequate control measures (NIOSH, 1978). question of'exposing persons to a potential
Although excessive exposures to TCE vapors human carcin6gejn. Thus, investigations uti-
have resulted in cardiac airhythimias and in lizing laboratory animals must be largely relied
central nervous system depression, most oc- on to pirovide such informatiri"

cupational exposures do not iesult in apparent Surprisingly, there are relatively few data
manifestations of toxicity (Defalque, 196S; available in the Itierature on the tim'e-course
NIOSH, 1973; US. EPA; 1985). There iscon- ofTCE or its metacilites in laboratory animals
siderable concern, however, that TCE may Ie inhaling the chemical. Most existing studies

-- a humaticarcinogen. TCE has been reported are limited to the elimination phase following .
-  

td'jiodtuce an incrsed incidence of hepato- exposure,(Kimmerle and Eben, 1973b; Na-
cellularcarcinoma in B6C3FI mice subjected kajimaetaL., 1988; Fisher etal. 1989).Tech-
daily for their lifetime to high oral doses of nical difficulties with measuring solvent uptake
the chemical (NCI, 1976; NTP, 1983). More and respiratory functions serially in small anl-
recent studies'have also shown that TCE can rimals during inhalation exposures have hin-
be carcinogenic in animals upon inhalaiion dered accurate definition ofTCE upitake and
exposure (Fukuda et al.. 1983; Maltoni et at.. elimination profiles, Prout el al. (1985) did
1988). investigate the time-course of TCE and its

Assessment of toxic and carcinogenic risks major metabolites in the bloodstream of mice
of exposure to TCE and other VOCs has be- and rats given a 1.000 mg/kg oral dose ofTCE
come a subject of major importance over the in corn oil. The study results are useful qual-
last decade. Although ithas' formerly been itatively in that they reveal that TCE under-
common practice to calculate risk estimates goes much more extensive first-pass metabo-
on the basis of administered dose-toxicity/tu- lism in the mouse than in the rat. The results
mor incidence data, it is now recognized that are of limited use quantitatively, however, in
the intemal,-or target organ dose is a more that blood was collected from only one animal
accurate and direct determinant of the mag- at each time-point. Balance studies in mice
nitude ofinjury. The dose ofchemical actually and rats administered ('

4
CITCE orally (Prout

reaching a target organ is dependent upon ki- et al., 1985; Dekan't et al,, 1986) and by in-
netic processes which may vary considerably halation (Stott et al.. 1982) confirm that mice
with the administered dose, route ofexposure. have a higher TCE metabolic capacity than

and animal species. Thus, recognition and use do rats. In each study, '"C levels in animal
of pharmacokinctic data can substantially re- tissues were measured only at a single time
duce uncertainties inherent in the route.tr (i.e., 50 6r 72 hr) postexposure. Thus, blood
route, high-dose to low-dose and species-to- and tissue TCE concentration versus time data
species extrapolations often necessary in risk that are presently available are not adequate
assessment (Gehring et al. 1976; Clewell and to delineate the internal dose ofTCE received
Andersen, 1985, NRC, 1987). during inhalation exposures.

Therehave been a relatively'arge number Physiologically based pharmacokinetic (PB- t
ofstudies of the pharmacokinetics of TCE in PK) models have been formulated for a num-
humans, but data on the time-course of al. ber of VOCs, in an effort to better understand
veolar and blood tev el during ongoing inha- and forecast the dynamnics ofthe chemicals in
lation exposures are quite limited. Most hu- the blood and tissues of laboratory animals
man studies have focused on the elimination and humans, The NRC (1986) was the first to
ofTCEanditsmajormetabolites postexposure describe the use or a PB.PK model for TCE

(Stewart et al. 1970; Kimmiile and Eben, in route-to-route and rat-to-human extrapo-
1973a; Monsteret a. 1976;Satocta l.. 1977). lations. Bogen (1988) applied the styrene PB-
Additional studies to obtain TCE time-course PK model of Ramsey and Andersen (1984) to
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predict relationships between the administered Inhalion exposures. A known concentration of TCE

dose of TCE, the toxicologically effective dose, m n m n t te
I - nstrumenW& Ardsley. NY) by injectng the appropriate

and the risk of cancer in humans. Expirimen- quantity ofI CE into the bag filled with air. Unitorns dis-

tal data wer -not supplied in Leither case, how- peso of the vapor wan insured by a magnetic stirrng

ever, to teat the fidelity of the TCE model pre- bar within the bag, The bag was then connected in series

dictions. Fisher et of. (1989) recently developed by-reflos tubing with a pnenmotachograph. a miniatorized

a PB-PK model to describe the dynamics of one-way breathing valve (Hlans Rudolph. Inc., St. Louis.
TCE nd ricloraceic dd n pegnnt ats MO). and an empty 70-liter gas collection hag. The latter

bag served an a reservoir to cotlect exhaled gan. The

exposed to, TCE by inhalation and ingestion, breathing valve wan attached to a face mask designed to

-- The model-simulations5 compared favorably fi h a.s httevleetypr a ietyajcn
--witW thie limited blood TCE concentration totenrsotets nml.Tu eaaeaddsic

time data Which were available to the inves- airways for the inhaled and exhaled breath streams were
estabtished. Inhalation and enhalation sampling ports were

,tigators. located immediately adjacent to the breathing valve. Each

in consideration of the foregoing,, the ob- cannolated rat was placed ino a restraining tube of the

jectives of the present investigation were to: type used in nose-only inhalation enpoture chambers

(a) quantify the rate and magnitude of TCE (Battelle.Gcoeva, Switzerland), The fare mask was held

uptake and elimination over time during the firmly in place on the animal's bead by the use of elastic

course of TCE inhalation exposures of rats, strapo which were secured to the restraining tube. This
(b) ccuatey deineblod ad exale brath basic inhalation exposure setup has been ilustrated pee.

(b) ccuatey deineblod ad exale brath viously by Dallas et o. (1989). iCE enposures were i-i
TCE concentration versus time profiles during tiated only after stable breathing patterns were established

and after tlse exposures, and (c) formulate a dnriuga I-hr acclimation period. During the 2 hr of TCE

PB-PK model for inhalation of TCE based on exposore and for 3 hr afterward, seriall inhaled and exhaled

the observed time-course data. bm It samplesw-ere taken at approximately the same time,
- as blood samples from the carotid artery cannula. The

blood samples were then analyzed for ICE content by

MATEIAL ANDMETODS head pace gas chromatography, whereat the air samples
were injected directly into the gas chromatognaph.

Respiratory meaurements nd caulations, The res-

Aimals. Adult male Spesgue-Dawley rats were ot- piralion of each animal was continuously monitored ac.

taie rmCalsRvrBeeigLbrtre Rlih cording to previously publishted methods (Dallas e ot.

NC). The animals were maintained on aconstant ligt.t 1983.1l9g6), Theuairflow creatdby thetnimarsinspiraton

dash cycle, with light from 0700 to 1900 hr and darkness was recorded both during and following TCE inhalation

from 1900 to 0700 hr. There were housed in stainlessl exposure in terms of minute volume (volume of respiration

cages insa ventilated animal rack. Top water and Ralston per minute. or Ili). respiratory rate (f), and tidal volume

Putina rormulab Chow were provided od Ijitto The (V'R). Mean values for these parameters were obtainted by

ratn wete used after at least a Id-day actlimation period, avenaging the measurements taken at 1-mmn intervals in

at which time their body weight ranged fromn 325-375 &. individual animals during the 2-hr expiosures, Mean t: SE

ICE espotures were initiated at approximately the same valoes for the S00 ppm-evposure group In w 6) were: Vg

time each day 11000 In 1200 hr), 2180 ± 20.2 ml/min.J.. 128,4:± 7A1 breaths/min, and

Test mnaterial Trichloroethylene (TCE), of >99.99% Vt - 1.71 ±t US1 ml. Mexnst ±SE for the SO ppm group

Purity -asnobtained from J.T. Baker Chemical Co.(Phl tn -6)werez V, - 268,9±t 15.5 milminfjr 132.0±t 7.3

Wpshurg. NA) The porityof the solvent wan verified by gan breaths/min, and 11; 2.12 ± 0.20 tmt.

chrowatgraphy. Calcoltions of ICE uptake and elimination were con-

.biinolpfrortii', All ras were surgically implanted ducted utilizing the eqsuations presented insa previous VOC

with an indwelling carotid artery cannula. which ~.ex inhalation study in atsiDallxstliil, 1989), Since the Vc

the animal at the bock of the neck. The rats were ants- and the exhaled brcath TCE concentration at each ssos-

thetized for the surgical procedure by ins injetion ofO0S piur'y point were measuored, subractionsof th quantityof

mt/hg of a mixture consisting of ketamine: ICI (100 mgl TCE eioled by the animal from the smoont onhaled

ml), acepromatine, maleale l0 mg/tmit. oylasine HCI (20 yielded!tn estimation of the quantity of TCE taken up

mg/mlt in a proportion 6f 3:21I(~vl The eannutated during sequential sampling Periods (cumulative optake),

animals were maintained in a harness xnd pulley system The peicentage uptake during each esposute period was

that allowed , etative freedoms of movemeot in metabolism determined by dividing the cunmulative uptake by the total

cagen durng~ a 24-hr recovery period after turgey. inhaled dose for that time period. The statistical signih.
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cance of di ferences between the 30 and 500 ppmn animals ferential mom balance equations, incorporating thfe Pa.
iripercentage uptake at'eac h time point wan assessed by rameters listed in Table [, that des cihed the transport of

Cpai-v!liU unpaired! testp, with p < 005 chosen at the TCE in the rat as lisicied in Pig. 1, were numerically
minimum level of rignificance. solved with the ACSL (Advanced Continuous Simulation

P8-PK etude!. A PBPK model was used to descibe Language) compiuter program (Mitchell and Gauthier.
the disposition of TCE in the rat (ig. 1). It was assumed Concord. MA). The solution to the equations provided

that a blood-fluw-limited model was adequate to charac- predicted blood and exhaled breath TCE concentrations

models for VI)Cs have utilized blood-flow-limrted organ Analysis of TCE fn air and blood. The concentration
representations (Ramsey and Ardersen. 1984: Angelo and of TCE in the inhaled and exhaled air'ns measired ;irth
Pritchard. 1984: Dallas elbal. 1989). Compartmental vol. a Tracor MT560 gas chromatograph (Tracor Instrumlents.
ames and organ blood flows wre obtained from the values Austin, TX):Standsrds were prepared in each of four 9.
used by Ramsey and Anderseri(1984) for rats. and scaled lier bottles equipped with Teflon stopers with niedles -

to 340 g. the mean~ body weight of rats utilized is the from which air samples could be taken by syringe. Analyses
present sudy. Tissue blood partition coefficients that for the 500 ppm exposures were co nducted using a glame
'Characterizethe extent ortissueTICE uptake were obtained ionization detector (PID). while the analyses for the 50
from Andersen et al (1987). The Michelir-Mentos pa. ppm inhalation exposures were conducted using an elec.
rametees, V,,, and K., describing the rate of TCE me. iron capture detector (ECD). The detectin limits for ICE
tabolism. were initu'!y estimated from Andersen elia. in sir by PID and ECD wire 0.5 and 0 003 Pg/mt. re-
(1987). and were K. 1- 0 25 pg/lmI and Y'.., 183.3 ipg/ spectively. The ECO detector was employed for the SO
hg/asia. When scaled to the 340-g rat used In the current ppm exposures. since roost of the postexposure exhaled
study. V-.. a 82 0 pg/mis. The final value of '.,.set breath concentrations in these animals were beow the PiD
equal to 75.0 pg/mmn. provided good agreement between detection limit. In either case, sir sanmples were procured
observed and predicted blood TCE concentrations. Dif. with a gs-right. l-ml syringe sod injected directly onto

nitiV sQ, RIE

Pet. 1. Diagram of lbs physiological pharmacehiveric model used to simulate the uptake .rnd elimination
of inhaled ICE, The symbols and parameters used to describe the model are included in Table 1.
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TAB LE I Norwalk CT). where itwas heated to apreset temperatre

PARAETER FOR THE HYSI by a high precision thermostat device. A predetermined
PARMETRS OR HE HYSOLOGICAL volume of the vapor was then injected automatically into

P'sAttMACOKINiErIC MooELOt'IrOALEDitCEINTHE RAT ,b cjju5n for analysis, Standard curves were generated
1340 g) - on et day that measurements were conducted by injec-

tion of known quantities of TCE into headspace vials for
Parameter Value subseneirtn analysis. The colniun used was an 8-ft ,c I.

Kn stainless-steel column packed with PEAP chromasorb
Alveolar ventilation rate 134.S (50 ppm exposure) 'YAW (80-10ms) prtn eprtrswr

(mt/ein) yE 109500 Peposure) 250'C. injectios port: 350*C. ECD detector and 8ouC
Inhaled gas concentration 0.272 (50 ppm esxposure) counoe.Terirgaws nagnmthe.t
-- (PS/ml) 2.69 (500ppmeoposure) a now rate Of40tnt/lmi.wth amake-up Walow rate to

.~Alveofar mass transfer 500 mi/mis the detector of 20 mt/mis.
coefficieot

Blood flowt (mt/rein)
-Cardiac output. Q , 106.4-

Fat. Q, 9,4 RESULTS
Liver. Q. 39,8

Musce. Q 20While 50 and 500 ppm were the target TCE
Tissue volumes (ml) inhalation coflcentrattons, the actual concen-

Alveolar 20 trations inhaled by the animals were deter-
Blood 25.4 mined by analysis or air samples taken from
Fat AS. the airway immediately adjacent to the
Liver 13.6
Lung 3.97 breathing valve. Meatn (tSE) inhaled TCE
Muscle 2480 concentrations for the six rats in each group
Richly Perfused 1512 were 499.8 t 12.7 ppm for the 500 ppmr ex-

Pa3nition coefficients posures and 50.7 t 0.8 ppm for the 50 ppm
FBloodi 25.3 eaposures.
Livelood 24 The time-courses of TCE concentrations in
Muscle Blood 0.46 the exhaled breath and arterial blood were de-
Richly Perfused:Blood 1,24 lineated during and for 3 hr following 2.hr

Metabolism Constants exposures of rats t6 S0 (Fig. 2) and 500 ppm
V..., (Pil/mio) 750 (Fig. 3) TCE. TCE was readily absorbed from
K. (p/mt) Usthe lungs into the arterial circulation, as re-

flected by relatively high blood levels at the
initial sampling time (iCe., I min). The con-

an 8-fl X I-is. ttaiotewssteel column packed with 0.1% centration of TICE increased rapidly in tlse
AT 1000 on GraphPak. Operating temperatures ""r blood of the 50 ppm animals, reaching near
150Ciojection Pon: 200*C. F]Ddctccto 3$0'C. ECD stayttelvswihn promtly2
detectoraid I 10C, isothermal column operatlion, When staylteevswihn promtly2
using the ECD, gas now rates of4O0m/min were employed mtn. In contrast, blood levels in the 500 ppma
for nitrogen (crder gas), with an additional make-op gas animals increased steadily, but did not reach
flow rate ts the detector of'30 mI/mmn. steady-state after 2 hr of TCE inhalation. The

ICE levels is the blood -err measured by gas chin- arterial concentrations were not proportiotnal
matographie headspace analysis. Blood samples were
rvithdras-c from the antetial cannuta via a stopcock into to Ite inhaled concentrations, Blood levels
a I-mt sytinge. Depending on the anticipated blood ICE during tile latter hour of exposure were 25-30
coocetion. from 25 to 200 At of the blood was taken times higher in the 500 than in te 50 ppm
from the stopcock with an Epticndorf pipet aed transferred group. Exhaled breath levels of TCE increased
to chilled hrcadspace vials (Pethin-Etmer. Norwalk, Cl). more rapidly than did blood levels after the
These vials were cappe immediately with PIPE lied -- - o xouetefre
butyl rubber septa and s-ashens and tightly Crimped, Each inititation ofepsrs h omrattatntng

samprile vial was then placed into the IlS-6 auto-rampler near steady-State wtthtn 10-15 min, The ex-
unit of a SIGMA 380 gas chrornalograylt (Perkin-Elmrer, haled breatha TCE concentrations remained
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0 so loo 1%0 200 250 300
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Fto 2. Obsered (0) and model-predicled (-) TCE concentrations in the arterial blood and exhated
breath of rats during and following a 2-hr. 50 ppm inhalation exposure. Each point represents the mean
value for sx rats.

relatively constant for the 2-hr duration in itored long enough postexpgsure to accurately
both exposure groups. Unlike blood levels, the define the terminal elimination half-lives.
exhaled breath levels at near steady-state were The PB-PK model accurately described the
directly proportional to the inhaled concen- uptake and elimination of TCE in both the
trations. Mean TCE concentrations in the ex- blood and expired air. Model-generated ex-
pired air during the last 1.5 hr of the 2-hr ex- haled breath and blood TCE concentrations
posures were 34.6 t 1.1 and 340.8 ± 10.6 ppm are represented by solid lines in Figs. 2 and 3.
(,f ± SE, n - 6) in the 50 and 500 ppm groups, The predictions ofexhaled breath levels during
respectively, inhalation were in close agreement with the

The disappearance of TCE from the blood direct measurements of expired TCE at both
generally paralleled that in the expired air exposure levels. Postexposure exhaled breath
postexposure, though some disparity was ob- concentrations were well simulated for the 50
served. Concentrations of TCE measured in ppm group, and only sligltly underpredicted
the exhaled breath and blood initially de- during the first 45 min for the 500 ppm group,
creased very rapidly after exposures ceased. As The progressive increase in blood concentra.
can be seen in Figs. 2 and 3. the patterns of tion during the 2-hr. 500 ppm exposure was
elimination differed, in that blood levels di. accurately forecast by the model. The pattern
minished more slowly than exhaled breath ofuptake ofTCEinto the blood ofthe 50 ppm
levels during the first 30 to 45 min postex. animals was adequately described, although
posure. This difference was most pronounced the TCE concentrations were slightly overpre-
in the 500 ppm group. Thereafter, TCE was dicted (i.e., by about 0.1 tug/ml). The model
eliminated from the blood and breath at com- predicted a more rapid postexposure decline
parable rates. The TCE levels were not mon- in blood levels than was observed dunng the
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0 "O to0 to 200 250 300

-, .O,
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Fic, 3. Observed (e) and model.predicted (- TCE concentrations in the arterial blood following a 2.
hr. 500 ppm inhalation exposure. Each point represents the mean value for six rats

C
first hour in the 500 ppm group. Predicted and DISCUSSION
observed postexposure blood concentrations
compared favorably, however, for the 50 ppm There is a lack of definitive information on
rats. the systemic uptake and disposition of inhaled

Percentage systemic uptake or TcE was TCE during exposures, largely due to technical
time- but not concentration-dependent (Fig, difficulties in accurately monitoring TCE ev.
4). Uptake exceeded 90% during the first S
min in both exposure groups, but decreased
rapidly over the next 30 min. Thereafter, there .00
was a relatively slow decline in uptake for the $0 \1.1"
remainder of the 2-hr exposure. Percentage
uptake appeared to be somewhat higher in the 't .
50 than the 500 ppm animals during much of
the first hour, though at no time point was
there a iiatistically significant difference. Per-
centage systemic uptake values (9i ± SE, n - 6) 501
during the second hour ofexposure for the 50 o 00 40, 0 W '00 '0
and 500 ppm groups were 69.9 ± 0.5% and FCOFCxPOsUE(")
71.1 ± 0.8%. respectively. There was a total Fte. 4, Percentage systemic uptake ofTCE over time
cumulative uptake (. t SE) during the 2-hr during inhalation exposures. Rats inhaled 50or 500 ppmperiod of 2.96 ± 0.32 rag. or 8.4 mg/kg. in the TCE roe 2 hr. Each point represents the mean t SE for

six ratx. Percentage uptake orthe inhaled dose wasudeter
50 ppm animals and 24.3 ± 1.2 mg, or 73.3 mined after 1. 3, 5, 10. 15, and 20 min and at 10.min
mg/kg, in the 500 ppm animals (Fig. 5) intervals thereafter.
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30 tributing factors to the species difference likely
2, include the higher respiratory rate and cardiac

* , -- output ofthe rat, as well as its greater apparent
capacity to metabolize TCE.

.2 ,Sequential measurements of TCE uptake
during the 2-hr inhalation sessions made it

* possible to accurately monitor the cumulative
_ _. . . ._ uptake (i.e., quantity retained in the body, or

0 .30 ' $o ,20 absorbed dose) of the chemical. There was anut or ¢xoscwEtuur) ," ME Of EXPOU'lE((cumulative uptake of 8.4 mg/kg in rats iehal-
rio. 5. Cumulaitve uptake ofTCE during inhalarion ing50ppm TCE for 2 hr. When adjusted for

eipoures. Rats inhaled 50 or 500 ppm TCE Wr 2 hr. The
* mmirtnty of inhaled TCE retained during succssive to. exposure concentration and duration, this
mnintervals wascalculated on the basisofthe measured value is about four times the cumulative up-
minute volume and difference hte, en inhaled and ex- take reported by Monster el at. (1979) in hu-
haled TCE concentratorn. Each point rpresents the mean mans inhaling 70 ppm TCE for 4 hr. Thus,
t SE for six ratn, rats received a substantially greater systemic

dose of TCE on a mg/kg bw basis than do
humans at equivalent inhaled concentrations.

els in the blood and breath of laboratory an- Findings in the current study indicate that
imals and humans. It might be anticipated that the rat's capacity to assimilate and metabolize
TCE would behave similarly to other relatively TCE is exceeded during the course of the 2-
water-insoluble gases. This proved to be the hr, 500 ppm exposure. Although exhaled
case in the current study. As TCE is a small, breath levels ofTCE were directly proportional
uncharged. lipophilic molcule, it is readily to the inhaled concentration, arterial bloodabsorbed across membranes of the pulmonary levels rose 25. to 30-fold with the 10-fold in-
capillary bed into the systemic circulation. The crease in exposure. The blood levels ofthe 500
net rate of transfer from alveoli to blood is r
initially very rapid, but becomes progressivel ppm animals progrssively increased over the
slower as the chemical accumulates in the 2-hr perod, rather than approaching equilib-
blood and tissues. The approach to equilib- rium as was the case at 50 ppm. Stott et at.
rium in the blood and exhaled breath is quite (1982) saw evidence of metabolic saturation
rapid, indicative of TCE's relatively low sol. in rats exposed for 6 hr to 600 ppm ("C)TCE.
ubility in blood and the slow perfusion ofadi. Metabolic saturation was manifest by a de-
pose tissue, the major site ofdeposition of the crease in metabolism and increase in exhala-
chemical. These processes are reflected by the lion of TCE, when the exposure level was in.
time-course ofsystemic uptake of TCE, where creased from 10 to 600 ppm. Filser and Bolt
percentage uptake decreases over time from (1979)calculated the saturation point forTCE
>'95% at the beginning of exposures to rela. metabolism to be 65 ppm on the basis of in-
tivelyconstant levels of 69-7 1% at near steady- direct vapor uptake studies in male rats, An-
state. Studies in humans reveal lower uptake dersen et at. (1987), also utilizing data from
ofinhaled TCE, with values ranging from 44 gas uptake experiments in male rats, deter-
to 58% (Bartonicek. 1962; Astrand and mined the V.., for TCE to be II mg/kg/hr.
Ovrum, 1976; Monster tal., 1976, 1979). The In the present study, the 10-fold increase in
greater percentage uptake in rats can be at- inhaled concentration (i.e., 50 to 500 ppm)
tibuted in part to a difference inblood:air resulted in an 8.7-fold increase in cumulative
partition coefficients, in that values for the rat uptake, or total absorbed dose. Thus. meta-
are 21 to 3 times higher than for humans (Sato bolic saturation apparently commenced dur-
el al.. 1977; Gargas ei al.. 1989). Other con- ing the course of exposure, when there had

C 0,
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been systemic uptake of a finite quantity the current study, the TCE concentrations in
of TCE. the expired air ofrats at these two time-points

The capacity to metabolize TCE has been would be 0.92 and 0.28 ppm, respectively.
demonstrated by other investigators to be spe- Such a similarity in the magnitude of exhaled
cies-dependent. The metabolic saturation ob- breath levels in humans and rats was also
served by St~ttet aL. (1982) in rats inhaling noted recently for 1,1,l-trichloroethane (Dal-
600 ppm TE for 6 hr was not seen at this las el aL. 1989). The rat blood:air partition
exposure level in mice. The dose of TCE re- coefficient for each VOC is significantly higher
quired to produce metabolic saturation in hu- than that for humans (Gargas et a... 1989).
mans has not been clearly defined. Astrand Althiugh thisdifference alone would r'estu!in
and Ovrum (1976) saw no evidence of meta- greater respiratory elimination of the VOCs
bolic saturation in men inhaling 100 or 200 by humans, it is apparently offset by other fac-
ppm TCE for up to 2 hr, in that percentage tofi, including the higher respiratory and cir-
uptake was constant and absorbed dose was culatory rates of thierat.
directly proportional to the inhaled concen- PB.PK models for TCE have been devel.
tration. Ikeda et at, (1972) reported that uri- oped by several groups of investigators. Sato
nary concentrations of total tichloro com- et aL (1977) formulated a PB-PK model for
pounds and tdchloroethanol in occupationally respiratory eaposure of humans to TCE. The
exposed workers were proportional to inhaled model included three compartments, with in-
concentrations of up to 175 ppm, but that tercompartment exchange of TCE governed
there was a relative decrease in trichloroacetic solely by intertissue diffusion. Metabolic and
acid at exposures above 50 ppm. respiratory excretion were assumed to occur

The major routes ofelimination ofTCE are in the richly perfused tissue compartment.
metabolism and exhalation of the parent Fernandez et al. (1977) constructed a more
compound, The elimination ofTCE in the ex- complete PB-PK model, which accurately
haled breath generally paralleled elimination predicted respiratory elimination ofTCE and
of the chemical from the bloodstream of rats cumulative urinary excretion of TCE metab-
in the present investigation. This pattern of olites in humans. This model included the
elimination of TCE in the blood and breath three compartments of Sato er al. (1977), as
is also typically seen in humans, although well as a liver compartment with blood-flow-
clearance is prolonged (Sato et al.. 1977; No- limited metabolism and a lung compartment
miyama and Nomiyama. 1974). Despite spe. for respiratory absorption and elimination of
cies differences in TCE kinetics, comparable TCE. Andersen el aL. (1987) used a PB-PK
exhaled breath levels have been observed in model analogous to that of Ramsey and An-
rats and humans postexposure. Accounting for dersen (1984) to predict the influence ofcom-
differences in exposure concentration, the petitive metabolic inhibition on uptake ofin-
postexposure exhaled breath levels of TCE haled TCE in rats. Esher el aL (1989) subse-
from several studies in humans (Kimmerle quently modified the Ramsey and Andersen
and Eben, 1973a; Stewart el a.. 1974: Monster (1984) model to simulate the kinetics ofTCE
el aL.. 1979) were similar in magnitude to the and tdchloroacetic acid in the pregnant rat
values ofTCE eliminated in theexhaled breath, following inhalation and ingestion of TCE.
of rats following inhalation exposure in the Additional compartments (i.e.. mammary tis-
current investigation. Stewart et at. (1974). for sue, placenta, and fetus) were incorporated
example, measured concentrations of0.70 and into the model, and allowance was made for
0.28 ppm TCE in the exhaled breath ofhuman certain physiological changes which occur
subjects 30 and 120 min after termination of during pregnancy. The PB-PK model of Fisher
a 3-hr, 20 ppm inhalation exposure. Assuming ei al. (1989) provided a good representation
a linear scaledown of the 50 ppm data from of TCE and trichloroacetic acid levels mea-

0
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sured experimentally in maternal and rqtal amount of TCE metabolized by the liver
blood at a limited number of times postex- (rdeucneetL. 99)-The NRC (1986) ap-
posu. This model has been extended rcendy plid the MBPK model of Ramnsey and An-
to predicl -the kinetics o(TCE_ and trichioro- dersen (1984) to calculatc the toxicologically
acetic acid in lactating rats and nursing pops cetuve dose formed in the liver ofiats during
(rshae al.. 1990). TCE inhalation exposure. Bogen (1988) has

The PB-PK model used in the current in- more recently applied the model of Ramsey
Yestigion accurately predicted the time- and Anderen (1984) to predict relationships
courses of TCE concentrations in the blood between the administered dose and the toxi-

-and exhaled breath of rats during and fofllo- cologically active or metabolized dose of-TCE
ang inhialation exposure to 50 and 500 ppmn in humans. Comprehensive TCE time-course
TCEThe model is similar to those of Ramsey data sets hcn~ever, have not been avail*l for

--and ky ll(i9g.4) and-Angelo and Prit- rigorous validation ofmodel predictions. The
*chard (1984). Our PB-PK model differs in that next logical step in this direction will be to

it includes a separate lun tissue compartment obtain TCE/metabolite tissue concentration
and a lungalvcolar mass transfer coefficient, versus time data sets through direct measure-
which describes the bidirectional transfer of mene studies.
TCE across the alveolar membrane. It is only
necessary to alter the experimentally deter-
mined inhaled concentration and minute vol- AC OW DG E S
ume in order to obtain simuLtions of TCE
kinetics under different inhalation exposure *ieaiosaeptftt t.JyWlotadbn

seniarios. Metabolic saturation, manifcst by Judy Bat roe thirepertise n the preparation of this
the progre'ssive, disproportionate increase in maucit n to Miss izsea LdIOSZI for her rot-
blood levels in th: high-dose (i.., 500 ppm) Iaiion areordin ofuta.
aimals, was acciately forecast. There was
also good agre ni between predicted and
observed blood and breath levels during most REFERENCES
of the postexposure period. Previous investiz
gators, including Fisher el at (1989). have had AoneLN.E(91 uodsmtyntsaes
the use of vety limited experimental data sets ANEn~RS tiEN.. ok197 imvrssuaimty in rikassets

for assessing the precision of their model pre- Mtarard Health. Vo. p. 846ional Acaemy
dictions. Press Washington. DC.

Health risk assessments of VOCs such as ANDERE. M. LGARGA. hl.LCLtV.ELL L._AND

TCE require acareful selection othe measure SEVtttRr. K. M.(911 Ousmitaireexaton of the
ofdoe. Aeas nde blod an tisue once- metab~olic ittteractions betxrtt trichloroeth)tene and
ofdoc. rea uner loo an tisueoncn- I.t-dicbtoethylene in ra usinrras uptake methods.

tration versus timecurves have been advocated Yorio A-pp. iha'rnor' 89.1t49-157.
as logical measurea of target organ dose (An- ANGEOft. M. L. AtN PRITCHtARD. A. B. (1994). Simsula-
dersen. 1987). The most appropriate chemical tions ofttethylenc chtoride ph3rmaeoktreiles using a

*pecies to measure for TCE depends upon phsiologically based model. Rec. Thiclk. iannacrt.
4.329-339.which toxic effect is or interest. TCE appeari; ASTRANO. 1. ANDO VRUu. P. (197of Enrposurc to in-

to be primarily responsible for CNS depress'ion cbtoroethyteac. 1. Uptake and dis~nbulton in mn
and cardiac arrhythmias. As it is unclear which S, and J,. Wk~n 1r bb IkiIZ. 191'.2i1.
metabolite(s) should be used ass dose measures. tIARTONICEC. V. (1962). Mclabottsm and excretion of in-

or surrogates for TCE-induced cytotoxicity ebtorocthytenc ftrr inhattion by human subjects. Dtau.
and mutagenicity/carcinogenicity. Il mutBOoEN. K. T. (1988). M'bmacolinelics for regulatory ilt

of ratvinemdae(i e., toxicologically asalysmi Te came of tnetutoroeihytene. Reg. Toxicol
effective do~e) has been equated to the total Phrnaroo 5. 4147-466.
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Volatile organicehenmicals (VOCs) are of concern to public health due to potential human ixposures in both

an occupational setting during their manufacture and from residential exposure due to subsequent contamination

bf drinking water sipplies. The primary route to exposure ini occupational environments is by inhalation, and

until recently most prior interest in the health hazards of VOCs has been by inhalation exposure. Current

toxicological knowledge of volatile organics is thus largely based upon situations and experiments involving

inhalation exposures. In light of the increasing detection of these halocarbons in drinking water supplies in the

-United States (Symons et al., 1975, NOMS, 1977), there is ow considerable interest in the toxicity of these

contaminants following oral exposure.

It is unclear, however, whether the results of inhalation studies can be used to accurately predict the

consequences of ingestion of the chemicals. In one report (NAS, 1980), the use of inhalation data was avoided

in making risk assessments of drinking water contaminants, with the reasoning that the disposition ad ensuing

bioeffects of inhaled chemicals may differ markedly from that which occurs when the agents are ingested. It was

concuded that while inhalation studies may be of value from a quantitatively in predicting consequences of

ingestion of many chemicals. In contrast, the model by Stokinger and Woodward (1958) has been applied to use

inhalation data to derive adjusted acceptable daily intake (ADI) for several short-chain aliphatic halocarbon

VOCs (Federal Register, 1984). Unfortunately, there is a limited pharmacokinetic and toxicological data base

from which to judge the validity of such route to route extrapolations.

One VOC of particular concern for potential oral and inhalation exposures in humans is the short-chain

halocarbon1,1-dichloroethylene (vinylidene chloride, DCE). DCE is of interest due to a variety of modes of

toxicity such as hepatotoxicity (Jenkins, ct al., 1972, Reynolds ct al., 1975; Andersen ct al., 1979), ncphrotoxicity

(Jenkins and Aisdcrscn, 1978; NIP, 1982), and carcinogenicity in one study (Maltoni ct al., 1977). DCE has been

measure at low levels (< 0.2 pg/liter) in well water and municipal drinking water supplies (U.S. EPA, 1975;

Shakclford and Keith, 1976). lowever, groundwater contamination has been detected at considerably higher

levels (Page, 1981; U.S. EPA, 1982). Comparable doses of DCE have been administered to rats by inhalation

(McKenna ct at., 1978a) and by gastric intubation (McKenna ct al., 1978b). The question of influence of routes

C of administration on tissue disposition was not addressed directly. Emphasis was placed on the roles of dose and
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fasting on metabolism, elimination and toxicity. However, tissue levels were measured at only a single time-point

post exposure (i.e. 72 hours). !,I-DCE has been shown to markedly alter calciumi homcostasis in hepatocytes

of rats within 20 t6 30 minutes of dosing (Moor,'1982; Luthra et al., 1984).- Overt cytotoxidity has been observed

as early as 2 hours, with maximal injury manifest within 4 to 8 hours of 1,1-DCE exposure by inhalation

(Reynolds et al., 1980) or by ingestion (Jaeger et al., 1973). Therefore, it is essential that the kinetics of DCE

be co6mpared between the two routes of administration during the critical early hours when cytotoxiity occurs.

The approach utilized in the current study was to administer equivalent doses of DCE orally and by

ifihalation in unanesthetized rats within the same time frame. Detailed physiologic measurements conducted

during DCE inhalation exposures w~ere used to determine the total uptake of DCE over time, accounting for the

significant respiratory elimination of the inhaled compound. An equivalent dose was then administered to rats

by single and multiple oral bolus dosing regimens and the systemic uptake, disposition, and elimination of DCE

by the two idministrative routes compared. A physiologically-based pharmacokinetie model for inhalation and

C oral DCE exposures was validated by comparison to the observed data and evaluated for use in intcrroute

extrapolation of pharmacokinetie data.

MATERIALS AND METHODS

Animals. Adult, male Sprague-Dawley rats were obtained from Charles River Breeding Laboratories

(Raleigh, NC). The animals were maintained on a constant light-dark cycle, with light from 0700 to 1900 hr and

darkness from 1900 to 0700 hr. They were housed in stainless-steel cages in a ventilated animal rack. Tap water

and Ralston Purina Formulab Chow were provided ad IiE=. The rats were used after at least a 14-day

acclimation period, at which time their body weight ranged from 325-375 g. Solvent exposures were initiated dt

approximately the same time each day (1000 to 1200 hr).

Test material. 1,.Dichloroethylene (DCE), of 99% purity, was obtained from Aldrich Chemical Co.

(Milwaukee, WI) and the purity verified by gas chromatography prior to use in animal exposures.

Animal preparation. All rats were surgically prepared with an indwelling carotid arterial cannula, which

exited the animal at the back of the neck. The rats were anesthetized for the surgical procedure by an injection

I'|
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of 0.8 mi/kg of a mixture consisting of ketamine HCL(100 mg/ml): acepromazine maleate (10 mg/ml):

xylazine HC1 (20 mg/ml) in a proportion of 3:2:1 (vv.v). The cannulated animals were maintained in

inetabolisi cages' With total freedom of movement during a 24-hr recovery period. "For animals requiring

intravenous administration, animals were also prepared with an indwelling jugular cannula simultaneously with

the arterial cannula. For gastric infusion experiments, a ventral incision was made and'a flared-tip cannula

inseited into the fundus of the stomach simultaneously with carotid arterial surgery and exited through the same

iaort as the arterial cannula.

Inhalation exposures. A known concentration of the test chemical was generated within a 70-liter gas

sampling bag (Calibrated Instruments, Ardsley, NY) by injecting the appropriate quantity of the solvent into the

bag filled with air. Uniform dispersion of the vapor was insured by a magnetic stirring bar within the bag. The

bag was then connected in series by Teflon tubing with a pneumotachograph, a miniaturized one-way breathing

valve (Hans Rudolph, Inc. St. Luis, MO), and an empty 70-1 gas collection bag. The latter bag served as a

(I reservoir to collect exhaled gas. The breathing valve was attached to a face mask designed to lit the rat so that

the valve entry port was directly adjacent to the nares of the test animal, thus establishing separate and distinct

airways for the inhaled and exhaled breath streams. Inhalation and exhalation sampling ports were located

immediately adjacent to the breathing valve. A cannulated rat was placed into a restraining tube of the type used

in nose-only inhalation exposure chambers (Battelle-Gcneve, Switzerland) and the face mask held firmly in place

on the animal's head by the use of elastic straps, which cre secured to the restraining tube. DCE inhalation

exposures were initiated only after stable breathing patterns were established for the cannulated animals in the

system. The test animals then inhaled DCE vapors for a 2-hr period. During this exposure period and for up

to 3 hr afterward, inhaled and exhaled breath samples were taken from the sampling ports at approximately the

same time as blood samples from the carotid artery annula. Both air and blood samples were then analyzed

for DCE content by gas chromatography.

Respiratory measurements and calculations. The respiration of -ach animal was continuously monitored

according to the methods previously published in solvent exposure studies by this laboratory (Dallas ct al., 1983

and 1986). The airflow created by the animal's inspiration was recorded both during and following DCE

fT !
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inhalation exposure in terms of minute volume (volume of respiration per minute, or VE), respiratory rate (0

and tidal volume (VT). An average value for these parameters for each individual animal was obtained by

averaging the mellurements taken at 10-min intervals during the 2-hr exposure. The mean ± SE of these

average values for the 100:ppm e'vposure group (n=6) were: VE 229.5 ±8.9 ml/min;-f = 136.2 ± 29

breaths/mn; apd VT = 1.721 0.12 iii. The mean _ SE of these average values for the 300 ppm exposure group

(n=6)-were :VE = 215.7 ± 18.8 ml/min; f = 134.5 ± 11.5 breaths/min; and VT = 1.60 ± 0.09 ml.

Calculations of DCE uptake and-elimination from inhalation exposure were conducted according to

equations presented in previous pharmacokinetic determinations of TRI inhalation in rats by this laboratory

(Dallas et al., 1988). Since the VE and the TCE exhaled breath concentrations at each sampling point were

measured, subtraction of the quantity of TCE exhaled from the animal from the amount inhaled yielded an

approximation of the quantity of uptake of TCE for each sampling period (cumulative uptake). In the

determination of the cumulative elimination of TCE during inhalation exposure, the cumulative uptake for each

( time interval was subtracted from the total inhaled dose for that interval. The percent uptake of the total inhaled

dose up to each successive time point during the inhalation exposure period was determined by dividing the

cumulative uptake by the inhaled dose for that time period.

Oral and intravenous dosae regimens. The value for the total cumulative uptake achieved for a two hour

inhalation exposure was then used for the administration of an equivalent oral dose using three different

regimens. A single oral bolus of 30 mg/kg (equivalent to 300 ppm DCE for 2 hr) and 10 mg/kg (equivalent to

100 ppm for 2 hr) was thus administered to unanesthetized rats with an indwelling carotid arterial cannula. The

DCE was administered in an aqueous emulsion, Emulphor, intragastrically with a blunt-tipped intubation needle.

For the multiple oral bolus administrative regimen, the 10 and 30 mg/kg doses were each subdivided into 4 equal

doses and administered sequentially at 30-mn intervals in Emulphor. For intragastric infusions, the animals

previously prepared with an intragastric cannula received the 10 or 30 mg/kg dose in Emulphor over a 2-hr

infusion period. The infusion was conducted using a microprocesso'-controllcd P22 syringe infusion pump

(Harvard Apparatus, No. Natick, MA). The intravenous administration of DCE was conducted using the animals

previously prepared with an indwelling jugular vein cannula. The intravenous doses were delivered as a single
A>
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bolus in PEG 400 through the jugular cannula. Blood samples were taken during and following the oral and iv

administation of DCEfron the midweling carotid arterial cannula.

Analysis of DCE in air and blood. The concentration of TCE in the inhaled and exhaled air during the

'inhalation exposures were measured with a Tracor MT560 gas chromatograph (Tracor Instruments, Austin, TX)

using an electron capture detector (ECD). Air samples were procured with a gas-tight, 1-ml syringe and injected

diietly ontoan8-ft X 1/8-in stainless-steel column packed with 0.1% AT 1000 on GraphPak. Standards were

"repared in each of four 9-liteT standard bottles which have leflon@ stoppers containing needles used for taking

the air samples with the syringe. Operating temperatures were: 150'C, injection port; 360'C; ECD detector;

70*C, isothermal column operation. Gas flow rates were employed of 40 ml/mn for nitrogen (carrier gas), with

an additional make-up gas flow rate to the detector of 30 mi/min.

DCE levels in the blood from inhalation an iv administration and the various oral dosing regimens were

measured by gas chromatographic headspace analysis. Blood samples were withdrawn from the arterial cannula

~ via a stopcock by a 1-ml syringe. Depending on the anticipated blood concentration, between 25 and 200 pl of

the blood was taken from the stopcock with an Eppendorf pipette and transferred to chilled'headspace vials

(Perkin-Elmer, Norwalk, CT). These vials were capped immediately with PTrFE lined butyle rubber septa and

washers and tightly crimped. Each sample vial was then placed into the HS-6 autosampler unit of a SIGMA 300

gas chromatograph (Perkin-Elmer, Norwalk, CT), where it was heated to a preset temp6rature by a high

precision thermostat device. A precise volume of the vapor was then injected automatically into the column for

analysis. The column used was an 8-ft X 1/8 in stainless-steel column packed with FFAP Chromasorb W-AW

(80-100 mesh). Operating temperatures were: 200'C, injection port; 360'C, ECD detector; and column oven,

70°C. The carrier gas was 5% argon-methane, at a flow rate of 40 ml/min with a make-up gas flow rate to the

detector of 20 mi/min.

RESULTS

While 100 and 300 ppm were the target DCE inhalation concentrations, the actual concentration inhaled

by the animals was determined by measurements of air samples taken from the airway immediately adjacent to

~ 'sti
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the breathing valve. Inhaled DCE concentrations for the six rats in each group were 310.0 :t 3.5 ppm for the

300 ppm exposure and401.6 t 0.8 ppm for the 100 ppm exposures.

During rd following DCE inhalation, concentrations of the parent compound were measured in the exhaled

breath (Fig. 1) and 100 ppm and 300 ppm exposed rats. Significant respiratory eliminations of unchanged DCE

was evident during the inhalation exposure period, with steady-state DCE levels achieved in the exhaled breath

withlh'20 min at both dose levels. DCEespiratory eliminatibn was proportional to the inhaled concentration

during exposure, as indicated by the exhaled breath values during 30-120 min of the exposure period (near

steady-stat) of 71.6 " 4.1 ppm and 204.6 ± 93 ppm (x t SE) for the 100 and 300 ppm exposure groups,

respectively. Upon cessation of DCE inhalation, the concentration of DCE declined very rapidly in the expired

air of both exposure groups.

Measurements of the cumulative uptake of DCE by the rats (Fig. 2) was made by accounting for the quantity

of unchanged DCE that was exhaled during the inhalation exposure period: As a result of the 2-hr exposure to

C100 ppm DCE the cumulative uptake was 3.3 10.3 mg (x 
"
±

'
SE), or 10 mg/kg bw. The total cumulative uptake

of DCE from the 2-hr exposure to 300 ppm was 10.2 ± 0 6 mg (x ± SE), or 30 mg/kg bw. Percent uptake of

DCE during inhalation exposure was similar in magnitude at both exposure concentrations (Fig. 3). The %

uptake decreased rapidly in the first 30 min to a near-steady state equilibrium thereafter. Mean values for %

uptake during the second hr of exposure (near-stady state) were between 61 and 66% for both dose groups.

The cumulative elimination of DCE in the exhaled breath both during and following inhalation exposure

is shown in Fig. 4. During DCE exposure, the cumulative elimination is dependent on DCE in the blood and

on DCE eliminated from the alveolar and physiologic dead space that was not absorbed into the blood. The

magnitude of pulmonary elimination was proportional to the inhalation exposure concentration. By the end of

the 2-hr exposure to 100 and 300 ppm DCE, 2.2 ± 0.2 and 6.1 ± 1.3 mg (x ± SE), respectively, were eliminated

from the rats in the exhaled breath. Following the termination of exposure, DCE that is eliminated in the breath

is solely from unchanged DCE from the systemic circulation. During the 3-hr post-exposure period, an additional

0.14 and 037 mg of DCE were eliminated from the animals in the 100 and 300 ppm exposure groups,

respectively.
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-Evaluation of the ratio of CE concentration in the blood to DCE concentration in the exhaled breath over

the duration of the inhalation exposure is shown in Fig. 5. After the first few minutes of exposure, this ratio was

.oisisteitlyhighei for the 300-ppm.exposed rats relative to the 100 ppm group, though the difference is slight

until the point at the termination of exposure (120 mi.).

The arterial blood concentrations of DCE during and following inhalation exposure' are compared to blood

levels following.equivalent oral doses using thethree-oral dosing regimens for a 300 ppm inhalation and 30

dig/kg oral dose'(Figs. 6 a-c) and for a 100 ppm inhalation and 10 mg/kg oral dose (Fig. 7 a-c). After the

initiation of inhalation exposure, substantial concentrations of DCE were found in the blood of all animals at

the first samplin, time (2 min). Uptake of DCE following single or multiple oral bolus administration was very

rapid, as peak blood levels were achieved within 2 to 4 minutes of administration. Arterial DCE concentrations

were not proportional'to the inhalation concentration. After the initial rapid uptake phase over the first 20

minutes of exposure, blood levels for the 300 ppm.exposed rats were 4 to 5 times higher than DCE blood

concentrations of rats that received 100 ppm exposures. The x ± SE for the blood concentrations from 30 to

120 min, during near-steady state, were 0.56 ± 0.03 and 2.19 ± 0.14 pg/ml for the 100 and 300 ppm exposure

groups, respectively. At the high dose, peak blood levels were approximately,4 to 5 times higher following single

oral bolus dosing than maximum blood levels (Cmax) achieved during the corresponding inhalation exposures

(Fig. 6a). The maximum blood levels achieved during single oral bolus or gastric infusion administration were

also not proportional to the administered dose. As with the inhalation exposures, these blood values for the high

dose group were at least 4 to 5 times higher than for the low dose group for both oral administrative routes.

The Cmax achieved for the multiple bolus administration of 30 mg/kg (Fig. 6c), however, was nearly 9 times

more than that achieved following 10 mg/kg (Fig. 7c).

The AUC (area-under.the-blood.concentration-time curve) for each of the groups administered DCE orally

was lower than the AUC seen for the rats inhaling an equivalent DCE dose by inhalation (Table 1). The AjUC

values for the single bolus and gastric infusion groups were similar at both dose levels (nearly identical for the

high dose). These oral administration values were only 60.80% of the corresponding inhalation AUCs. The

bioavailability (F) of DCE was determined by the ratio of the AUC value of each experimental group to the



F corresponding dose administered by intravenous administration. The high dose groups consistently had a higher

F thai the groups administered the low dose of DCE by any of the exposure routes. At both the high and low

dloses, F w's high for animals inhaling DCE than for orally administered rats.

The terminal elimination half-fife (tV2) was similar for both inhalation exposure concentratibns. Following

a single oral bolus administration of DCE the tY2 was also similar to the corresponding inhalation exposure

conentration. The administration of DCE by gastric infusion, however, resulted in two to three-fold increases

ifi tY2 relative to inhalation or single oral bolus DCE exposures. Apparent clearance and volume of distribution

did not vary significantly with inhalation exposure concentration. Both of these pharmacokinetic parameters,

however, were considerably lower for animals inhaling DCE than for the orally-administered rats.

DISCUSSION

Although there have been pharmacokinetic studies in which VOCs have been administered orally and by

inhalation, the experimental design of most of the studies has been such that the results are of limited utility in

making route extrapolations. Pyykko et al. (1977), for example, monitored the uptake and elimination of 3H-

toluene in various tissues of rats for 24 hours after the animals were dosed by inhalation or gastric intubation.

As different doses of 3 H-toluene of different specific activity were given by each route of administration, no

conclusions could be drawn about the relative uptake of the chemical by the two exposure routes. Typically,

studies of the tissue disposition and binding of VOCs following inhalation and oral exposure involve oral

administration of the compound as a single oral bolus, while inhalation exposures occur over a 6-hour period.

As evidenced by this approach with perchloroethylene (Pegg ct al., 1979) and 1,2-dichlorocthane (Reitz et al.,

1982), tissue concentrations and levels of covalently-bound 14C are often measured only at a single time-point

'post-exposure (i.e. 72 hours). The relevance of these practices to interroute extrapolations of kinetic VOC data

has thus been limited by questions of variations in the administered dose, the time elapsed between dosing and

tissue analysis, and by the dissimilarity between the inhalation and oral dosing regimens.

Several approaches have been undertaken in the past in an attempt to utilize inhalation exposure data to

estimate toxicity and acceptable levels of exposure to VOCs by ingestion. Some moderate correlations were
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established in comparisons bctween inhalation LC50 data for single exposures to individual chemicals and'

mixtures (Pozzani et l., 1959).' ,Stokinger and Woodward (1958) utilized the threshold limit value (T1V) for

human Inhalationucf a chemical in workplace air in an equation for deriving a value that would represent an

acceptable standard for ingestion exposure. Other variables incorporated were the retention, or absorption factor

(% uptake), respiratory volume, and a safety (uncertainty) factor. An adaptation of this model for applications

usin ,nmal.inhalation data has been employed for estimating safe drinking water levels of perchloroethylene

(Olson and Gehring, 1976). The accurate determination of the absorption factor (% uptake) has been

recognized as essential to the extrapolation of dosages from inhalation data to the ingestion route (Khanna,

1983). It was pointed out that in previous interroute extrapolations, the absorption factor was either estimated

based on physicochemical similarities with other agents, indirectly calculated from availabledata, or even

unsupported by any rationale. In the present investigation, direct monitoring of minute volume and the

magnitude of inhaled and exhaled DCE was utilized to determine the retention factor-during inhalation

S exposures. This approach thus offers the advantage of direct measurements of respiratory volumes, the inhaled

dose, and the retention factors that were previously estimated on a more tenuous basis in most interroute

extrapolations.

The total cumulative uptake of DCE during inhalation exposures was determined from these summated

measurements over time of the inhaled dose and the magnitude of pulmonary elimination. Administration of

this amount as an equivalent oral dose to rats by several oral administrative routes reveled several differences

in pharmacokinetics between these equivalent oral and inhalation exposures. Peak blood levels achieved after

single oral bolus administration of DCE were 3 times higher than for the corresponding inhalation dose. Under

the assumption that a minimum expression of certain kinds of acute toxicity for a chemical may require that a

threshold level is achieved at a target organ, this findng would appear to attribute relatively greater risk to the

oral bolus administration of DCE relative to the equivalent inhalation exposure. It is conceivable that a single

high dose might produce injury by exceeding the metabolic detoxification pathway for the animal. Following its

metabolic activation, DCE is inactivated by conplexation with glutathione (Jones and Hathaway, 1978).

However, there is evidence that a single high dose of certain halocarbons may be less toxic than the equivalent



case for C V5habiigpito l L (ec-97) Cisoeothmotiaiehocrn.

a route of elinunation'for DCE It is thus conceivable that a large portion of a bolus dose of DCE wovuld be

rapid* eliminated by exhalation before GSH stores are depleted to result in cytoloxicity For inhalation

esciietOL i)CE honrr, it has t-. i concluded that the metabolic capacity of rats to metabolize and

kim-inate DCE can be exceeded during continuous inhalation of 150 ppm or more of DCE. (Dallas et al, 1983,

Filser and Bolt, 1979). Therefore, despite higher peak blood levels from tin, ingfe oral bolus administration

relative to an equivalent inhalation dose, saturati6~i of the metabolic capacity for DCE elimination and the

subsequent increased risk for resulting toxicity may be more likely to occur from the inhalation exposure.
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TABLE 1

COMPARISON OF PHARMACOKINETIC PARAMETERS FOR INHALATION, ORAL,

. AND INTRAVENOUS ADMINISTRATIONS OF 1,1-DICHLOROETHYLENE IN RATSa

Dose/Administrative Route AUC F ss Cf
jug min/mI (iain) I/kg (ml/*

mill)

.- 0 ppm Inhalationb 304.1± 0.58± 50.1± 0.091 4.0

30 mg/kg Gastrie Infusionb 238.6 0.46 1/9.7 27.3 125.8

30 mg/kg Single Oral Bolus 239.5 '0.46 62.1 6.3 125.3

30 mg/kg Multiple Oral Bolus e

30 mg/kg Intravenous Bolus 519.4 ... 164.5 10.8 136.8

100 ppm Inhalation 72.9 0.36 55.6 0.11 5.52

10 mg/kg Gastric Infusion 41.5 0.21 122.9 43.2 241.2

10 mg/kg Single Oral Bolus 50.0 0.25 47.2 10.4 20.0

10 mg/kg Multiple Oral Bolusd

10 mg/kg Intravenous Bolus 202.6 -.. 105.7 6.82 49.4

a All values'are x ± SD.

b Inhalation and gastric infusion administrations were over 2 hr.

c 3 mg/kg multiple oral bolus administered as three 10 mg/kg bolus doses at 40 mi intervals.

d 10 mg/kg multiple oral bolus administered as three 3.3 mg/kg bolus doses at 40 min intervals.

C
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) -Figure legends.

1. Exhaled breath concentrations of DCE during and following inhalation exposures. Rats inhaled 100 or 300

ppm DCE for 2 hr. Each point represents the mean ± SE for 6 rats.

2. Cumulative uptake of DCE during inhalation exposures. Rats inhaled 100 or 300 ppm DCE for 2 hr. The

quantity of inhaled DCE retained during successive 10-mn intervals was calculated on the basis of the

measured minute voluine and difference between inhaled aid exhaled DCE concentrations. Each point

represents the mean t SE for 6 rats.

3. Percent uptake of DCE during inhalation exposures. Rats inhaled 100 or 300 ppm DCE for 2 hr. Each

point represents the mean ± SE for 6 rats. The percent uptake of the inhaled dose over time'was

determined after 1, 3, 5, 10, 15, and 20 min and at -10-min intervals thereafter.

4; Cumulative elimination of DCE during following inhalation exposures. Rats inhaled 100 or 200 ppm DCE

for 2 hr. The quantity of inhaled DCE eliminated ifi the breath over time was calculated using direct

measurements of the minute volume and DCE concentrations in the inhaled and exhaled breath. Each point

is the mean t SE for 6 rats. Cumulative elimination was determined fof successive 10-min intervals during

the 2-hr exposure, and for successive 15-min intervals post-exposure.

5. Ratio of the DCE arterial blood concentration to the DCE exhaled breath concentration at each sampling

point during inhalation exposure to DCE. Rats inhaled 100 or 300 ppm DCE for 2 hr. Each observed value

represents the mean'ratio for 6 rats.

6. Comparison of DCE blood levels during and following 2 hr inhalation exposures to 300 ppm DCE with:

a) blood levels following a single oral bolus of 30 mg/kg; b) blood levels following four repeated oral bolus

administrations of 7.5 mg/kg each at 30 min intervals; c) blood levels,during and following intragastric

infusion of 30 mg/kg over a 2 hr period. Each value represents the mean ± SE for 6 rats.

7. Comparison of DCE blood levels during and following 2 hr inhalation, exposures to 100 ppm DCE with:

a) blood levels following a single oral bolus of 10 mg/kg; b) blood levels following four repeated oral bolus

t(p administrations of 2.5 mg/kg each at 30 min intervals; c) blood levels during and following intragastric
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7infusion of 10 mg/kg over a 2 h period. Each value represents the mean ± SE for6 Yais.

Ci
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APPENDIX D

PHARMACOKINETIC DATA FOR INGESTED
TRI, TCE,, AND DCE



TABLE I

PHAR1IACOKINETIC PARAMETERS FOR 1,-DICHLOROETHYLENE (DCE)
FOLLOWING SINGLE ORAL BOLUS ADMINISTRATION IN UNANESTIIETIZED RATS

DOSE

30 mg/kg 10 mg/kg

@C-MAX
(UG/ML) 9.6 ± 1.3 2.25 ± 0.28

AUC

(UG.MIN/ML) 239 ± 23.7 50.5. ± 5.9

ELI. HALF-LIFE

(MIN) 55 ± 4.6 50 ± 3.6

APP. CLARANCE
(ML/MIN/KG) 131 ± 12 216 ± 23

APP.VOL.DIST

(L/KG) 10.67 ± 1.9 16.1 ± 2.5

Values are the MEAN ± SE for 6 to 8 rats.

@ DCE in arterial blood.

Table D- I



TABLE II

PHARMACOKINETIC PARAMETERS FOR 11, 1-TRICHiLOROETHANE (TRI)
FOLLOWING SINGLE ORAL BOLUS ADMINISTRATION IN UNANESTHETIZED RATS

DOSE

48 mg/kg 6 mg/kg

@C- MAX
(UG/ML) 7 ± 0.5 0.8 1 0.07

AUC
(UG.MIN/ML) 646 ± 35 64 ± 6

ELI.I|ALF-LIFE
•(MIN) 115 ± 7 112 ± 4

APP.CLEARANCE
(ML/MIN/KG) 76 ± 3.7 91.7 1 8.0

APP.VOL.DIST
(L/KG) 12.1 1 1.7 19 - 0.9

Values are the MEAN + SE for 6 to 8 rats.

@ Concentration of TRI in arterial blood.

Table D-2



f. TABLE III

PHArHACOKIl1ETIC PAPJ.UEIEnS FOR TRICHOPOEIMhLEUIE (TCE)
FOLLOWIIG SINGLE OPAL BOLWS F I mISTRAtlOn IN UBUMIESIMIETIZED RATS

DOSE

76 9 /kg 8 ng/kg

@C-MAX
(UG/ML) 7.7 ± 0.8 1.50 ± 0.2

AUC
(UG.MI/MtL) 936 ± 72 42.5 ± 2.8

ELI.NIALF-LIFE
(111H) 116 ± 13 78 i 1.6

APP. CLEARANCE
(NL/MIH/KG) 85.6 ± 8.6 181 - 16

APP. VOL. DIST
(L/KG) 11.1 ± 1.0 21.7 ± 4.3

Values are the MEAN - SE for 6 to 8 rats.

@ Concentration of ICE in arterial blood.

Table D-3
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APPENDIX E

STUDIES OF THE PHARMACOKIVETIC OF PCE

1) During and following inhalation exposures in rats

2) Following oral administration in rats



Parameters for the Physiological Pharmacokinetic

Model for PER in the Rat

Parameter Value

'~Alveolar Ventilation Rate (mi/mmn), V 115.3 (50 ppm exposure)a
101.4 (500 ppm exposure)

Inhaled Gas Concentration (mg/nil) 0.351 (50 ppm exposure)

3.55 (500 ppm exposure)

Alveolar Mass Transfer Coefficient 500 nil/min

Blood Flows (nl/mmn)

Cardiac output, 'D, 106.4

Fat, Qf9.4

Liver, Q 1i 39.8

Muscle, Q.12.8

Richly Perfused, 
0r 4.

Tissue Volumes (nil)

Alveolar 2.0

Blood 25.4

rat 30.5

Liver 13.6

(I Lung 3.97

Muscle 248.0

Richly Perfused 15.2

Partition Coefficients

Lungs :Air 70.3

Fat: Blood 108.99

Liver:Blood 3.72

Muscle:Blood 1.058

Richly Perfused: Blood 3.72

Metabolism Constants

Vniax (jg/mmn) 5.86

Km ()jg/ni) 2.938

Alveolar ventilation rates and inhaled concentrations were directly measured in
the laboratory. Ciparbmntal volumes and organ blood flows were obtained frcm
Ramsey and Andersen (Toxicol. Apl Phaxmcol. 73:159-175,1984) and scaled to 340 g
the m'an bw of rats inthEe present study-.Partition coefficients and metabolim
constants were utilized frain Chien and Blancato (Pharmacokinetics in Risk Assesmwent,
Drinkinq Water and Health Vol. 8:369-390, 1987). Ifie alve6olar mass transfer
c~mficient was based o6n the alveolar pertmability-area product for methylene
chloride of Angqlo and Pritchard (Piarmcoinetics in Risk Assessnment, Drinking Water
and Hlealth Vol.8:254-264,1987).

Table H-1
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ABSTRACT

Characterization of the uptake, distribution and elimination of short-chain

aliphatic organic halocarbons requires a reliable measurement technique for

determining tissue concentrations. A head-space gas chromatographic method was

developed to measure halocarbon concentrations in liver, kidney, brain, heart,

lung, muscle, fat and blood. The method was evaluated using perchloroethylene

(PER), 1,1.1-trichloroethane (TRI), tetrachloroethane (TET), and

trichloroethylene (TCE). Approximately I gram of each tissue was injected with

PER, TET, TCE, or TRI to yield a theoretical concentration of 4 ug

halocarbon/gram tissue. Two homogenization procedures were evaluated: tissues

were homogenized in saline, followed by isooctane extraction; tissues were

homogenized in isooctane. Comparison of these two approaches for PER

demonstrated a significantly higher percent recovery with the isooctane

homogenization for most tissues. It was also observed that the aliquot volume

of the tissue homogenate plays an important role in the headspace technique, in

that greater than 30 pl aliquots could not be used. Percent recoveries ranged

from 80-100 % for the seven tissues and blood for each of the four test

chemicals.

Abbreviated title (running head). Determination of halocarbons in tissues
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INTRODUCTION

Short-chain aliphatic halocarbons are a class of volatile organic compounds

(VOCs) of increasing interest due to their widespread occurrence as environmental

contaminants. Exposure to halocarbons can result in toxic injury in a number of

organs in animals and humans. Central nervous system (CNS) dysfunction results

from overexposure to most halocarbons
1
.
2
, and this effect can be directly

correlated with the tissue concentration of the halocarbon in the brain
3
'.

Significant liver and kidney toxicity can be caused by some halocarbons
5,6

, while

select agents in this chemical class are known carcinogens in various organ

systems'.
8
.

Pharmacokinetic studies of these chemicals are needed in order to evaluate

the uptake, disposition, and elimination of these contaminants after exposure.

There is a particular need for the measurement of halocarbons in the various

tissues where the agents accumulate and where toxic effects are known to occur.

Halocarbon analyses have been conducted in blood, exhaled breath, and tissuesg
-15 .

The tissue measurements conducted in these studies, however, employed

radiolabelled halocarbons. Of course, these measurements do not delineate

between the parent compound to which the animal was exposed and potential

metabolites formed in the body following exposure. There is therefore a need

for a reliable and sensitive analytical procedure for directly determining the

concentrations of short-chain aliphatic halocarbons in the tissues of exposed

animals. A head-space gas chromatographic technique is described for analyzing

short-chain aliphatic halocarbons in animal tissues. Four representative

chemicals of this class of VOCs are employed, in order to demonstrate the utility

of the technique on chemicals with a variety of physicochemical properties.
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MATERIAL AN4D METHODS

Apparatus

1. Gas chromatograph. Model 300 (Perkin-Elmer Co. Norwalk, CT)

Model 5890 (Hewlett-Packard Co. Avondale, PA)

2. Stainless-steel column. 6'xl/8" FFAP (Ailtech Associates, Deerfield,

IL)

OV-17 (Alltech Associates, Deerfield, IL)

3. Centrifuge. RC2-B (Sorvall, Norwalk, CT)

IEG Centra-7r (International Equipment Company, Needham, MA)

4. Homogenizer. Janke & Kunkel, Ika-Werk, Ultra-Turrax SDT (Tekaar

Company, Cincinnati, 011)

5. Touch Mixer. Model 231 (011)

( 7. Rubber septa (PTFE Coated Butyl Rubber), 8 ml vials, caps (Perkin-

Elmer Co., Norwalk, CT)

Test Chemicals

1. Perchloroethylene (PER). 99% purity (Aldrich Chemical Company Inc.

Milwaukee, WIS)

2. l,l,2,2,-tetrachloroethane (TET). 97% purity (Aldrich Company Inc.

Milwaukee, WIS)

3. l,l,i,-trichloroethiane (TRI). (J.T.Baker Chemical Co. Phillipsburg,

NJ)

4. Trichloroethylene (TCE). (J.T.Baker Chemical Co. Phillipsburg, NJ)

5. Isooctane. (J.T.Baker Chemical Co., Phillipsburg, NJ)

6. Ether,Anhydrous. (J.T.Baker Chemical Co. Phillipsburg, NJ)
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S Test Animal

Male-Sprague-Dawley rats. 325-375 grams (Charles River Laboratories,

Raleigh, NC)

Tissue Homogenization and Extraction Procedure

Animals (n-8) were anesthetized with ether. One ml blood samples were

withdrawn by closed cardiac puncture. From 0.5 to 1 gram each of liver, kidney,

brain, heart, lung, perirenal fat, and muscle were removed and placed on ice.

Four ul of PER, TET, TGE, and TRI were carefully injected into each tissue by

using a Hamilton microsyringe, so that a theoretical concentration of 4 pg/g was

obtained. Two homogenization approaches were evaluated using PER. In the saline

homogenization approach the tissues were immediately transferred after halocarbon

injection to previously chilled 20 ml glass vials containing 4 ml saline. The

tissues were then homogenized in saline. In the isooctane homogenization

approach, the tissues were immediately transferred after halocarbon injection to

previously chilled 20 ml glass vials containing 2 ml saline and 8 ml isooctane.

For both approaches, the tissue homogenizer was used to homogenize the samples

Samples were maintained on an ice bath at all times, including the homogenization

period. For TCE, TRI, and TET the approach employing only isooctane

homogenization was used. Each tissue was homogenized for an established time

interval, specific to that tissue and minimized to lower volatilization of the

halocarbon during the procedure. Brain, liver, and fat were the most easily

homogenized, requiring only 3-4 sec. Kidney, lung and heart required 5-8 see of

homogenization each. Muscle was the most difficult, requiring 20 seconds of

homogenization. All samples were vortexed for 30 seconds following

homogenization and centrifuged at 2700 rpm for 10 min at 4C.
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Homogenate Aliquot 
Volume

In order to study the effect of tissue homogenate volume on the linearity

of the concentration measurements, various aliquot volumes were employed in

transferring the tissue homogenate to the gas chromatography vials. A known

quantity of PER was injected into blood and the test tissues as described

previously. From 5 to 100 pl aliquots of the blood samples and homogenates of

the 7 tissues were withdrawn with a pipet and transferred to 8 ml headspace

vials. These vials were capped immediately with septa and a spring washer. Each

sample vial was then placed into the aut-osampler unit of the gas chromatograph

with an electron capture detector.

Headspace Gas Chromatographic Technique

For all the experiments utilizing PER, the operating conditions were:

headspace sampler temperature, 90°C; injection port temperature, 200°C; column

temperature, ll°0C; detector temperature, 400'C; column packing, 10% FFAP; flow

rate for Argon/Methane carrier gas, 60 ml/min. Operating conditions for TET were'

headspace sampler temperature, lO0°C; injection port temperature, 200*C; column

temperature, 150*C; detector temperature, 400°C; column packing, 3% OV-17; flow

rate for Argon/Methane carrier gas, 60 ml/min. Operating conditions for TRI & TCE

were: headspace sampler temperature, 55*C; injection port temperature 150C;

column temperature, 60*C, detector temperature, 400°C; column packing,3% SP 1000.

Except for the homogenate aliquot volume study, all measurements were made using

a 20 pl aliquot of the tissue homogenate in the 8 ml headspace vials.

Standard solutions were made and assayed by diluting a specified amount of

pure PER, TET, TCE, and TRI in isooctane. Standard curves for each chemical were

then generated each day that measurements were conducted.
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Statistics

Comparisons between the two homogenization procedures on the percent

recovery of PER in seven rat tissues and in blood were made using the Student's

t Test. Values were considered significantly different at p < 0.05.

RESULTS

The results of the study on the effect of homogenate aliquot volume are

shown for blood and 7 tissues injected with PER in Fig. 1-4. A very similar

pattern was found in all tissues studied. Concentration values were linear with

increasing aliquot volume only up to 25 pl (except heart, which was linear only

up to 20 pl). At 50 or 100 pl aliquot volumes, the concentration of PER in

tissue or blood did not increase over the values seen at lower aliquot volumes.

Comparison of the percent recovery obtained using the saline and isooctane

homogenization approaches for PER analyses is given in Table 1. Percent recovery

of PER in kidney, fat, lung, muscle, and brain were significantly higher for the

isooctane homogenization relative to the saline homogenization. Differences

between the two approaches for liver, heart, and blood were not statistically

significant.

The isooctane homogenization approach was used to determine the percent

recovery for PER, TET, TCE, and TRI (Table 2). Except for the percent recovery

of PER in lung and muscle, the recovery of TET was higher in all tissues relative

to the other three chemicals tested. Percent recovery of TCE was generally the

lowest of the four test chemicals with no mean recovery values exceeding 88% for

any tissue. Indeed, the lowest percent recovery for TET (fat) was greater Lhan

the highest percent recovery for TCE (muscle). The mean percent recoveries of

PER, TET, and TRI in fat were very similar (within 2%), while TCE fat recovery
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was the lowest of any tissue group or chemical tested. The range in values for

percent recovery between the various tissues for each chemical was the smallest

for TRI (less than 6%), and the largest for PER (17.8%). The tissue with the

longest homogenization time, muscle, had the highest percent recovery of the

tissue groups for PER and TCE. The tissues with the shortest homogenization

times (liver, fat, and brain) did not appear to have lower percent recoveries

than the other non-muscle tissues within each chemical group.

DISCUSSION AND CONCLUSIONS

A headspace gas chromatographic technique for determining the concentration

of halocarbons in tissues was developed that is reproducible and technically

feasible. A purge and trap technique was developed previously for measuring

tissue levels of the halocarbons 1,1- and 1,2-dichloroethylene'6. This technique

involved thermal desorption of halocarbon from tissues within a purging device

and trapping on a Tenax column, with subsequent heat desorption on a gas

chromatograph. While that approach was sensitive and reproducible, it was

significantly labor intensive and time consuming. The procedure presented in

this paper was quite reproducible, while utilizing only a homogenization step and

the relative ease and speed of the headspace gas chromatographic approach.

A critical technical factor in the analysis was a limitation on the aliquot

volume that could be employed in the headspace vials. As standard curve

measurements were no longer linear to concentrations above a 2
5
p1 aliquot volume,

a 20 pl aliquot was selected for use in the method. In a comparison of the two

homogenization techniques, there was a statistically higher percent recovery for

most of the tissues using the isooctane homogenization relative to using saline.

It is possible that employing the saline homogenization in addition to the
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subsequent step of mixing with isooctane provided additional opportunity for

volatilization loss relative to the single step of homogenization in isooctane.

The applicability of this approach for a variety of halocarbons was

demonstrated by its use with four halocarbons of significant variation in

physicochemical properties. As would be expected, the relative volatility of the

test agent had an effect on the percent recovery by the method. The boiling

temperatures of TRI, TCE, PER, and TET are 74, 86.7, 121, and 140.7#C,

respectively
17
. The chemical with the highest boiling temperature, TET, also had

the highest percent recovery in most of the tissues relative to the other

chemicals tested. TET was therefore less likely to volatilize during the

homogenization procedure than TRI, TCE, or PER. Except for PER recovery in lung

and muscle, the other tissue recoveries did not appear to differ greatly between

these latter three chemicals. These two tissues had among the longest

homogenization times employed, so the lesser volatility of PER relative to TRI

and TE was probably a factor in the increased recovery seen here.

The technique for measuring halocarbons in tissues should have a number of

useful applications. Most validations of the utility of physiologically-based

pharmacokinetic (PBPK) models to accurately predict the uptake and disposition

of halocarbons have utilized blood, exhaled breath, and metabolic parameters.

For instance, in the published validation of a PBPK model for TRI18 the only

tissue data the authors had to use were levels of radioactivity measured in the

liver and fat of mice at the termination of an inhalation exposure to 1"C-TRI1 9
.

Since these models are based on tissue compartments, this technique for directly

measuring the test compound in each tissue will be of significant benefit in

verifying the predictions of these models. Comparison of these direct

determinations of the present compound in tissues with previous studies of
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radiolabelled chemicals may provide valuable insight into the rate and magnitude

of metabolite formation from these compounds. Correlation of the measurement of

chemical in target organs with the subsequent toxicity will also be useful in

establishing dose response relationships for halocarbons at the organ level.

(1f
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Table I

Effect of Homogenization Procedure on Percent Recovery of PER
(mean ± SE)

Saline Homogenization Isooctane Homogenization

Liver 95.5 ± 9.9 89.6 ± 3.1

Kidney 69.0 ± 4.9... 86.7 ± 1.4-

Fat 73.8 _ 4.9" 88.2 ± 2.7"

Heart 75.8 + 10.3 81.2 ± 1.2

Lung 78.8 ± 7.1* 99.1 + 2.3"

Muscle 80.3 _ 6.3' 98.5 ± 2.9"

Brain 72.3 ± 5.7"" 88.6 _ 2.0""

Blood 104.8 ± 5.5 95.4 ± 4.1

Statistically significant difference between procedures at p < 0.05.
Statistically significant difference between procedures at p < 0.01.

.*. Statistically significant difference between procedures at p < 0.001.



41 -i m* 41 1 +11 m +

wo w CC CCf-1.U

CC wo wo wo wo w w w

0

co

0 .4 M' 0 .-4 Cq CCC

a0 4! +1 +1 +1 +1 +1 +1 +1o 0 0

C~~% mo CD oDC)U ' C

Uco wo c o wo co Do co

0

0

-

a C +1 -4 In .4 4 4 C -

.3 0 C'C: 4 ~ - -

S E.+I +I +I +I +I +1 +1+

a, CC . - '

.0

0

C') -4 C4 C' C4C C4C CCC

+1 +1- +1 +1 +1 +1 +1 +1

C) tD C'- CCC U '

U 0, 10 0 -4 MC 00 00 LA

>) 0 I d 0D

> '04' 0 O U C)
.~~~~4c .. ) C c a~



15 Chen et al.

Fig. 1 Effect of aliquot volume on PER concentration linearity for liver and

kidney tissue samples. Aliquot volumes of 5, 10. 20, 25, 50, and 100

pI were withdrawn from the organic phase of the tissue homogenate and

analyzed.

Fig. 2 Effect of aliquot volume on PER concentration linearity for heart and

lung tissue samples. Aliquot volumes of 5, 10, 20, 25, 50, and 100 p1

were withdrawn from the organic phase of the tissue homogenate and

analyzed.

Fig. 3 Effect of aliquot volume on PER concentration linearity for brain and

muscle tissue samples. Aliquot volumes of 5, 10, 20, 25, 50, and 100

pl were withdrawn from the organic phase of the tissue homogenate and

analyzed.

Fig. 4 Effect of aliquot volume on PER concentration linearity for fat and

blood tissue samples. Aliquot volumes of 5, 10, 20, 25, 50, and 100 pll

were withdrawn from the organic phase of the tissue homogenate and

analyzed.
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APPENDIX G

STUDIES OF THE TISSUE UPTAKE, DISPOSITION, AND

ELIMINATION OF PCE IN RATS

1) Following intraarterial administration

2) Following oral administration

C1



PHARMACOKINETIC PARAMETERS
OBSERVED TISSUE CONCENTRATIONS

PER IA ADMINISTRATION (10mg/kg)

TISSUE AUC tV/ C' x
(pg-nln/g) (hrs) (Ig/g)

LIVER 2367 6.6 25.57

KIDNEY 2191 6.6 22.55

FAT 66962 7.7 66.98

HEART 1411 7.1 15.26
LUNG 1181 7.7 10.70

MUSCLE 1658 7.3 9.01

BRAIN 2354 6.7 25.21

BLOOD 555 7.8 5.48

PER INHALATION EXPOSURE (500ppm/2hrs)

TISSUE AUC t,/Z
(pgm-In/g) (hrs) (lig/g)

LIVER 32796 7.7 155.60

KIDNEY 27123 7.5 109.37

FAT 1545750 9.6 1567.54
HEART 24264 5.5 109.67
LUNG 19697 7.0 98.38

MUSCLE 26130 7.0 91.13

BRAIN 34450 6.9 177.42

BLOOD 9062 5.6 47.13

Table 0-1
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pHARMACOKINETIC p1RMETERS

PER ORAL ADMINISTRATION
* .~(10 mg/kg)

AUC T1/2, Cmax Tmax Relative

it-min/g minutes g/g minutes BioavailabilitY

LIVER 1969 266 13.8 10 0.83

KIDNEY 1287 333 6.2 10 0.59

FAT 50271 452 44.4 360 0."5

HEART 931 325 3.1 15 0.66

.'LUNG 732 326 2.3 60 0.62

MUSCLE 1120 303 2.4 60 0.68

BRAIN 1599 300 5.6 15 0.68

BLOOD 372 344 1.1 15 0.67

Table G-2



PHARMACOKINETIC PARAMETERS
PER IA ADMINISTRATION-

(10 mg/kg)

AUC T1/2 Cmax Tmax
* ig-min/g minutes /Lg/g minutes

LVER 2367 398 25.6 15IKIDNEY 2191 399 .22.6 10
FAT 66962 463 67.0 60
HEART 1411 429 15.3 15
LUNG 1181 462 10.7 15
MUSCLE 1658 439 9.0 15
BRAIN 2354 407 25.2 15
BLOOD 555 472 5.5 15.

Table G-3
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AP'PENDIX H

STUDIES OF THE TISSUE UPTAKE, DISPOSITION,

AND ELIMINATION OF TET'IN RATS

I 11) Following intraarterial administration

2) Following oral administration



PHnRlACOKINETIC PARR ETERS OF I1TRAARTER1A'A0N1 SIRTlO1 (10 tG/t )

sUe TI/2 Cmam Tms CL ud

ug..n/g min hro ug/ mn ml.min/kg L/kg

LIVER 794.25 97.97 1.63 19.99 5.00 12.59 1.78

KIDNEY 829.77 93.69 1.56 26.07 5.00 12.05 1.63

FAT 10277.20 164.04 P.73 65.02 60.00 0.97 0.23

HEART 650.50 105.71 1.76 21.06 5.00 15.37 2.34

LUNG 400.07 09.63 1.49 8.46 5.00 24.95 3.23

MUSCLE 381.06 106'.05 1.77 4.66 5.00 26.24 4.02

BRAIN 519.96 89.07 1.40 12.85 5.00 19.23 2.33

BLO00 248.32 70.47 1.17 5.54 S.00 40.27 4.10

---------------------------- -------------------------------------------------

C

~~Table 1-14



It

PHARMACOKINETIC PARAMETERS OF ORAL RUINISTRATION (10 MG/KG)

AUc T1/2" Cnax Tmax CL Vd

um/9 min hrs .9/g iln ... n/k 9  L/kg

LIVER 289.95 '61.83 1.09 4.89 15.00 34.49 3.08

KIDNEY 131.15 63.61 1.06 1.79 15.00 76.25 7.00

FAT 2108.26 215.97 3.60 6.07 30.00 4.74 1.46

HEnRT 111.629 65.758 1.10 1.93 15.00 99.59 8.50

LUNG 77.79 46.90 0.92 1.37 30.00 129.55 9.09

MUSCLE 75.156 91.14 1.52 0.01 15.00 133.06 17.50

ORIN 116.347 71.49 1.19 1.65 15.00 85.95 9.97

BLOOD 65.54 50.967 0.90 1.02 15.00 152.56 12.09

C

Table 11.2
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APPENDIX I

INTERSPECIES COMPARISONS OF
THE PHARHACOKINETICS OF PCE
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INTERSPECIES PHARMACOKINETIC COMPARISON
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PERCHLOROETHYLENE PHARMACOKINETICS IN DOGS
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INTERSPECIES PHARMi COKINETIG.COMPARISON
AREA UNDER THE B3LOOD CONCENTRATION-TIME'CURVE (AUC)

500-

JDOG
400- MRAT

* 300-

S 200-

4: < 100-

IA (1 mg/kg) po (10 r~g/kg)

Fig. I-5



INTERSPECIES PHARMACOKINETIC COMPARISON

HALF-UFE (T1/2) IN BLOOD

20-

I= DOG
gW RAT.

15-

0

"-

0

IA (1 mg/kg) po (10 mg/kg)

Fig. 1-6'1
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PER 3 HGIY.G PINUIM KIA.TIC PAIlAIETER5 PO & In NOHIIIISIRflTIOti FOR RnTS D DOGS

AUM TI/2 C-a T.a. GI. Ud

u.mnl in. I-S. ug/.l i.n. .-. n/kg L/kg

RATS PO 105.973 971.563 16.193 0.462 25.000 16.340 23.205

DOGS PO 220.030 1437.245 23.954 1.200 1s 13.705 20.2

( RATS ifl 154.100 642.092 10.702 4.405 3.23 20.256 18.276

DOGS In 206.999 1472.203 24.S37 4.020 2.75 14.672 31.02

Table I-1
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INTERSPECIES PHARMACOKINETIC COMPARISON
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~INTERSPECIES PHARMACOI<INE-TIC COMPARISON
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APIDIX K

HYSIOWoGicaILy-BAsED roARRACKINETIC MODEL
SIMULIATIONIS OF THE UPTAKE, DISrOSITIOff,

AND ELIMINATION OF INHALED MND
INGESTED HALOCAKEONS

(also see Appendix A, B, and E)



Differenlial equaton system

4
Nosi-eliminating organs;

where i= H; DR; K; M; R; F

arterial blood

V CL~
Dr. =LQT( C L)

lung

VL-C=QT(Cv CL )4(CA CL

liver

V dCLI =Z C CLI) J RLi
VLi dt RL(C L j RLI , CL'

C RLI

alveloar space
U. intriarterial administrafioit

AJt RA A~ C

H1./ inhalation

dt Rj

if t< =120 min u(Q)u else u(t)=O

venous blood

CLV Qj QTRC

where i=ll; BR; Li; K; M; F; R



Calculation of partition coefficients from intraartera data

R and RA are taken from [1]

The part. coeff. of nonelinaing compartments (except the lung) are calculated
according to [2]:

AUCi
R1 -AUCBL

wfere i=H; BR; K; R; F

RL is calculated integrating the differential equation of arterial bldod:

fCrdt

VL- d- - dt=Q7 ( R -f C dt)
dt RL

4AUCL
VBLCE=Dose=Q,( -AUCL)

AUCZ
Dose

S+AUBL

References

(1] Dallas,C.E. et al.: The Uptake and Elimination of 1,1, 1-Trichloroethane during
and following Inhalation Exposures in Rats. Toxicol.Appl.Ptamacbl. 98,
385-397 (1989).

[2] Gallo,I.M. et al.: Area Method for the estimation of Partition Coefficient for
PhysiologicalPharmacokineticParameters. J.Pharmacokin.Biopharm. 15,271-280
(1987).



~~~1 R, is- calculated from the differential equation of the liver 4

Definitions:

AlJfC~iCaLdt; AUCu 2.=fC"dt; fCdC+!

tne differential equti on of the liver:2

__~ V~C~ a
dt grj k 4 RLi+CLi

rearranging gvs

VL t'd dCt

LI ~ Cu VLILI~ i
=QLik.RLi CBL+ QIMCL- QLikR XF QLi -L - VmCM

RL RLi

in~tegrating from 0 to infinity:

C2ic O=vLjkmRLI(cLIJO+IVu.]; I

- QLjk.R&IAUCBL+QLIAUCajBL-

Q~kAUCrQUAUCj
RLI **mU~

after rearranging:

0 =R LQuk.AUCBL+

-Q~~jAUCU.

solving the equation:

a=Q~jkAUCBL

b=~AC~B-~kACj VmAUCLI

c=-QIAUC .2

RLi= -b/ 2 4ac



PIW**=WKIIETIC PAWWT R

pER I-1AL.TION MMINISTRATIO4

(2500 pp. =799 Pgj/kg)

RUC TI/2 C-a, Tmax

ug.min/g mi n. hr -;. u9/9 min.

LIVER 82945 461 7.66 292.72 1

KIDNEY, 75314 455 7.56 185.18 15

FAT 397943 736.8 2.31 3696.36 120

HEART 72739 475 7.92 187.99 "15

LUNG 57251 465 7.75 147.73 15

MUSCLE 61027 455 7.58 108.86 60

BRAIN 63089 451 7.52 224.12 15

BLOOD 29834 441 7.35 58.89 15

Aa

( Table K-4



PI*i oIHIETIC PIRWWE'TERS

PER IAHLATIDN AStIIISTR8TIOt4

(,500 pp 165 .g/kg)

RU c 1/2 Cmam Tnmw

ug.min/g min. irs. ug/9 oun.

--------- -------------------------------------------------

LIVER 31247 423 7.05 152.40 15

KIDNEY 25868 425 7.08 107.52 15

FAT 1493190 578 9.63 1536.30 240

HEART 23179 328 5.47 106.60 15

LUNG 18596 406 6.77 94.55 15

MUSCLE 24458 335 5.58 87.31 15

BRAIN 32975 455 7.58 173.89 15

BLOOD 8464 322 5.37 44.89 15

---------------- -----------------

Table K-2

t .. . . . . . ... .. ..
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TISSUE DISIRIBUTION OF PER IN KIDI'IEY
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TISSUE DISTRIBUTION OF PER IN FAI

AFTER 2 HOURS EXPOSURE

IE4 o- 500 PPM

D- 2500 PPM
- 0 0 MEA14 (II-5) ±S.E.

t-- 1000 o-*

! , •0 _

00

Q: 10 Iz

z
0 1

ici
w

TIME (I-IRS.) POST EXPOSURE

Fig. K-3



TISSUE DISTRIB3UT ION OF PER IN HEART
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TISSUE DISTRIBUTION OF PER IN LUNG

AFTER 2 HOURS EXPOSURE
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TISSUE DISTRIBUTION OF PER IN MUSCLE

AFTER 2 HOURS EXPOSURE
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TISSUE DISTRIBUTION OF PER IN BRAIN
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TISSUE DISTRIBUTION OF PER IN BLOOD
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TISSUE CONCENTRATION OF PER IN LIVER
IA ADMINISTRATION (10 mg/kg)

0 OBSERVED TISSUE CONCENTRATION
" g- MODEL PREDICTED VALUES
i,

.

0

z
0 a
0Owu,
w

C C3

24 36
UIIME (HOURS)

'Fig. K-9



TISSUE CONCENTRATION OF PER IN KIDNEY
IA ADMINISTRATION (10 mg/kg)
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TISSUE CONCENTRATION OF PER IN FAT
IA ADMINISTRATION, (10 mg/kg)

D OBSERVED TISSUE CONCENTRATION
- MODEL PREDICTED VALUES

U)

131

z
0)

00

0

c

12 24 36
TIME (HOURS)

Fig. X-11



TISSUE CONCENTRATION OFPER IN HEART
IA ADMINISTRATION. (10 mg/kg)
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TISSUE CONCENTRATION OF PER IN MUSCLE
IA ADMINISTRATION (10 mg/kg)
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TISSUE CONCENTRATION OF PER IN BRAIN

IA ADMINISTRATION (10 mg/kg)
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TISSUE CONCENTRATION OF PER IN BLOOD
IA ADMINISTRATION (10 mg/kg)
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TISSUE'CONCENTRATION OF PER IN LIVER
DURING AND FOLLOWING 500 ppm PER INHALATION FOR 2 HOURS
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TISSUE CONCENTRATION OFPER IN KIDNEY
DURING AND-FOLLOWING 500 ppm PER INHALATION FOR 2 HOURS
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TISSUE CONCENTRATION OF PER IN FAT
DURING ANDFOLLOWING 500 ppm PER INHALATION FOR 2 HOURS
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TISSUE CONCENTRATION OF PER IN LUNG
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TISSUE CONCENTRAIOR OP PER IN MUSCLE
DURING AND FOLLOWING 500 ppm PER INHALATION FOR 2 HOURS
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TISSUE CONCENTRATION OF PER IN BRAIN

DURING AND FOLLOWING 500 ppm PER INHALATION FOR 2 HOURS
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TISSUE CONCENTRATION OF PER IN BLOOD
DURING AND FOLLOWING 500 ppm PER INHALATION FOR 2 HOURS
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Simulation of PER tissue concentrationsj

The physiologically-based pharmacoldnetic model for PER is taken from [1) with two major
differences:

a./ the elimination from the liver is not linear but Michraiis-Menten type,

b./ the richly perfused compartment is divided into tour conipaxlments: heart, kidney,
brain and richly perfused.

The subscripta in the model and in the other part of the test are as follows-

11 heaw BR - brain
K kidney M - muscle
R - richly perfused Li - liver
F - fat L - lung
A alveolar space V - venous blood
BL - arterial blood T - total (blood)

Constants of the model for 339 C rat

Blood flows (ml/min)

Qt 104.4 Q11 = 3.03
=M 1.25 Q, - 18.27
Q, 15.66 Qu 26.73

Q, 9.4 Q, 30.06 (different from [I] to satisfy Qr)

Tissue volumes (mW)

VIL 25.32 V,~ = 1.7
=D 0.98 V, 3.19

V4, - 247.13 V, - 11.09
Vu = 13.56 V, - 30.17

V, = 1.9

Alveolar ventiltation rate VR - 140 mI/min
Lung-alveolar mass transfer coeff. h . 500 mI/mis
Nfichaelis-Mcnten constants k. - 2.9378 ug/min

V. - 5.86 ug/mI
Dose D - 3390 ug
Richly perf.:lllood part. coeff. R, - 3.72 (from 1t1))
Lusg:Air partition coefficient RA - 70.3

Table K-3
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Fig. K-27
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APPENDIX L

MEASUREMENTS OF THE NEUROBEHAVIORAL
TOXICITY OF HALOCARBONS
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Fig. L-2
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Fig. L-3
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Fig. L4
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